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SUMMARY
The purpose of th is study was to determ ine some of the p ro p e rtie s , such 
a s  the energy  level value, cap ture c ro s s -se c tio n  e tc . ,  of the defect c e n tre s  in tro ­
duced Into gallium, phosphide by ion bom bardm ent. The m a jo rity  of the w ork con­
cen tra ted  on the effects of proton irrad ia tio n , as protons have been used to c re a te  
sem i-in su la ting  reg ions in GaP and o ther III-V com pounds. A few experim en ts  
w ere  c a r r ie d  out on sulphur im planted specim ens fo r com parison .
It has been shown that sev e ra l c e n tre s , of la rg e  cap tu re  c ro s s  -section, a re
introduced into sem i-in su la tin g  G aP. T hese produce levels at E -  0 .19 , E -c c
0,61 and E^ + 0 .75  eV in the sem iconductor band gap. F o r  proton d oses of g re a te r  
13 2than 5 x 1 0  /c m  a fu rth e r  level a t E^ + 0 .4eV  becom es evident. M easurem ents
of the concen tra tions of these  defects as a function of dose and energy  indicated  that
14 2a m axim um  concentration  w as reached  by a dose of 10 /c m  and that with d e c re a s ­
ing energy  < SOOkeV, the num ber of c e n tre s  introduced is  g re a te r  than would be 
expected from  calcu la tions of the num ber of atom ic d isp lacem en ts .
A ll defect c e n tre s , except those responsib le  fo r the E^ + 0 .4  eV level, anneal 
out by 650°C. ‘ '
T herm ally  stim ulated  c u rre n t and various capacitance techniques w ere  used 
fo r  the deep level m easu re m en ts .
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C hapter 1 
INTRODUCTION
1 .1  Introduction
The effects of rad ia tion  upon the operation of sem iconductors has becom e of 
in c reas in g  in te re s t in  recen t y e a rs . T h is has been brought about by se v e ra l fac ­
to rs ,  nam ely, the need to operate  e lec tro n ic  equipm ent in rad ia tion  environm ents
1-8and the use of ion im plantation (an estab lished  technique) fo r device m anufac tu re . 
In the fo rm er case  the effects of rad ia tion  (y -  ray s , neu trons) usually  re s u lt  in  a 
degrada tion  in device perfo rm ance but in the la t te r  case  the dam aging of the s e m i­
conductor by ion bom bardm ent can som etim es be used to advantage. Radiation 
dam age has  been studied m ost ex tensively  in  s ilicon  and germ anium ^, th e re  being 
com paratively  little  w ork rep o rted  in th is  connection, on the III-V com pounds. T his 
h as  been p a rtly  due to the fact that the m anufacturing p ro c e sse s  have in troduced 
high concen trations of unintentional im p u ritie s  a n d /o r d e fec ts . These technological 
d ifficu lties  now seem  to have been overcom e, and two com pounds, gallium  a rsen id e  
(GaAs) and gallium  phosphide (GaP) a re  being used extensively; gallium  a rsen id e  in 
m icrow ave dev ices, and gallium  phosphide in light em itting  diode (LED) app lications. 
It is  with the dam age produced by the ion bom bardm ent of GaP with which th is 
th e s is  is  concerned .
1 .2  R adiation dam age in sem iconductors
1 .2 .1 .  Type of rad ia tion
The type of rad ia tion  d e te rm in es  the so rt of dam age produced. E lec tro n s  
and y -  ra y s  c re a te  v a ca n cy -in te rs titia l p a irs  (F renkel defects) a lm o st exclusively^ 
w hilst light ions such a s  pro tons and deu terons produce, in addition, m o re  heavily  
dam aged reg io n s, containing d ivacancies, vacancy-im purity  com plexes (see
section  ( 2 . 4 . 1 . ) )  tow ards the end of th e ir  r a n g e ^ . T hese m ore  com plex 
defec ts  a lso  re su lt  from  heavy ion o r fa s t neutron bom bardm ent. They a re
9p re sen t in g re a te r  n u m b e r s , how ever, than in the case  of the light io n s . Blout* 
com pares the energy  levels introduced into the bandgap of germ anium  by e le c ­
tro n s  and light ions . He con jec tu res that e lec tro n s  produce little  c lu ste rin g , 
deu terons some c lu ste rin g  and neu trons extensive c lu ste rin g  of the d efec ts .
A com m on application  of ion bom bardm ent is  to in troduce a dopant into 
the m a te r ia l.  The e le c tr ic a l effects of the dopant, how ever, a re  d ifficu lt to 
sep a ra te  from  the e le c tr ic a l effects of the dam age. In dam.age stud ies, th e re ­
fo re , i t  is  n e c e ssa ry  to im plant ions which w ill not occupy substltional s ite s  such 
a s  H, He, A r, K r, a n d X e .
1 .2 .2 .  Ion bom bardm ent
Atomic d isp lacem en ts , both by p rim ary  and secondary  im pacts occur 
-13during  the 10 s an ion takes to com e to r e s t  a fte r en tering  the solid c ry s ta l .
-12A th e rm al spike surrounding  the trac k  d iss ip a tes  in say 10 * s leaving a  d is ­
o rdered  reg ion  of broken bonds and disp laced  a tom s. The bonds re fo rm  and atom s
change th e ir  positions to fo rm  a re la tiv e ly  stable phase in a tim e g r e a t e r  than 
- 910 s .  D uring th is tim e, vacancies can escape by th e rm a l diffusion from  the 
d iso rd e red  reg ion  surrounding  the ion tra c k ^ ^ . The subsequent m ovem ent of 
the vacancies (and associa ted  in te rs tit ia ls )  through the la ttice  depends upon 
th e ir  charge s ta te  and the tem p era tu re  a t  which the im plantation is  taking p lace . 
The d istance over which they trav e l w ill depend upon the am ount of dam age p re ­
sen t in the im planted reg ion  a t that instan t in tim e. Recom bination o r a s s o c i­
ation with im purity  a tom s, o r o ther defec ts , finally o ccu rs .
The p resen ce  of s tru c tu ra l defec ts in a c ry s ta l d e s tro y s  the period ic ity  of
the la ttice  and m akes it  possib le  fo r e lec tro n s  to take on en erg ies  which a re  
forbidden in a perfec t c ry s ta l .  Each type of defect, th e re fo re , w ill introduce 
an energy  level into the sem iconductor bandgap. Such additional levels do not 
extend throughout the m a te r ia l but a re  localised  a t the point of im perfection .
F u r th e r  these defects a re  non -rad ia tive  and act a s  c a r r i e r  trapping o r reco m ­
bination c e n tre s . This m eans that the p resence  of m any tra p s , and hence deep 
lev e ls , in a m a te r ia l such as GaP w ill f irs tly , quench any photon em issio n  and 
secondly, reduce the num ber of free  c a r r ie r s  so inc reasing  the re s is tiv ity .
T hese two effects caused by the im plantation of ions into III-V  compounds a re  
the subject of sections (1 .2 .3 , 1 .2 ,4 . ) .
1 .2 .3 .  N on-radiative centre s in GaP
G allium  phosphide has a band gap of 2 .3eV a t room  tem p era tu re  which
Om eans that band to band photon em ission  is  in the v isib le part(5600A, green) of 
the sp ec tru m . C erta in  im p u rities  can in c re a se  the light output from  p-n  junctions 
m ade of the m a te r ia l section  (2 .3 .4 .) .  Several experim en ts  have been c a r r ie d  out 
to try  to im prove G aP LED efficiency by using im plantation to  produce shallow er 
junctions and h igher doping concen tra tions than would norm ally  be achievable 
w ith diffusion techniques. The non -rad ia tive  c e n tre s  produced by the dam age, how­
e v e r , have resu lted  in low effic iencies .
14M erz e t al im planted bismuth into GaP and investigated  the photo lum inesc­
ence from  the b ism uth  isoe lec tro n ic  tra p s  produced. The re su lts  proved to be 
d iscourag ing  as only ten  p er cent of the expected light in tensity  was observed  
under conditions of optim um  dose and annealing. An investigation  of n itrogen  
im plantation, a lso  M erz e t al^^, showed that a la rg e  substitu tional concentration  
could be achieved but the lum inescence in tensity  was le ss  than one per cent of that 
obtained using conventionally doped c ry s ta ls  having com parable n itrogen  concen­
tra t io n s  .
1 ,2 .4 .  Deep levels In GaP
The introduction of deep leve ls  into a sem i-conductor bandgap, a s  a re su lt
of ion bom bardm ent, cau ses  the re s is tiv ity  of the im planted la y e r to increase^ section
11( 1 .2 .2 , ),Spitzer and N orth have proton bom barded G aP, doped with various im pu­
r i t ie s ,  and have shown that reg ions of s im ila r  high re s is tiv ity  a re  produced. T h e ir 
re s u lts  indicate that a  s e r ie s  of lev e ls , o r a continuum of levels a re  c re a te d . No 
m easu rem en ts  w ere m ade, how ever, on the position of the energy  levels in  the
bandgap o r of the types of d e fec t/im p u ritie s  re sp o n sib le . Deep level m easu rem en ts
12 13have been m ade on bulk GaP, how ever, by B. L. Smith and E . F ab re  (see
tab le (6 .3)). In both c a se s  only the as-g row n (unimplanted) m a te r ia l w as exam ined.
135Dyment e t a l have studied the effects  of proton bom bardm ent on GaAs and
11obtained s im ila r  re su lts  to those of Spitzer and N orth  ( i .e .  an in c re a se  in r e s i s t ­
iv ity ). The la rge  penetra tion  depth of protons into III-V com pounds (typically 
lju/lOOkeV) has m eant that p ro tons have been used extensively  in  the production of 
sem i-in su la tin g  reg ions in these  m a te r ia ls , and in GaAs in p a r tic u la r . Speight et 
al^^  have proton iso la ted  im patt diodes with a resu lting  im provem ent in efficiency 
w hilst Foyt^^ et al have iso la ted  p - n  junction devices on a GaAs su b s tra te , P run iaux^  
et a l have m anufactured GaAs fie Id-effect tr a n s is to r s  by evaporating  a gate e lec trode  
onto a sem i-in su la tin g  lay er produced on the su b stra te  su rface .
Because of the la rge  num ber of possib le  applications of pro ton  bom bard­
m ent it  w as decided to concen trate  on studying the dam age c rea ted  by th is  ion.
A few specim ens,how ever, bom barded w ith a h eav ie r Z ion, su lphur, w ere also  
exam ined. Sulphur w as chosen because it  is  a com mon dopant in  G aP. A com p­
a riso n  of the trapping  cen tre s  produced by light and m edium  Z ions could then be 
m ade.
1 .3  A im s of the w ork
The genera l a im  of the w ork w as to try  to determ ine som e of the p ro p e rtie s
of the dam age c e n tre s  in troduced into GaP by ion bom bardm ent, and in p a rtic u la r
by proton ir ra d ia tio n . T h ree  ca teg o rie s  of p ro p e rtie s  can be defined, nam ely,
those which d escrib e  the trapp ing  c e n tre s , those which a re  dependent upon the
im plantation conditions (ion en erg y ; dose e tc ,) ,  and those which a re  dependent upon
the s ta rtin g  m a te r ia l .  The f ir s t  group includes the position(s) of the a sso c ia ted  energy
level(s) in  the bandgap, the cap ture c ro s s -se c tio n  and the annealing behav iour.
The trapp ing  cen tre  in troduction ra te  (no, of cen tre s /p ro to n ) is  an exam ple of a
property  which com es in the second group w hilst the final ca tegory  includes the
dependence of the type of cen tre  c rea ted  upon the dopant a n d /o r  c a r r i e r  concen-
11tra t io n . The re s u lts  of S p itzer and N orth indicate tha t the re s is tiv ity  changes
1 2w ere Independent of the dopant w hilst B . L . Smith ‘ , who exam ined undoped. Te and 
S~ doped m a te r ia l, found that m ost of the energy  levels  w ere  p re sen t in each kind 
of G aP , The dependence of the type of cen tre  produced upon the dopant w as not 
exam ined, th e re fo re , but an  investigation  to show if  the introduction ra te s  of the 
d ifferen t cen tre s  w ere  re la te d  to the c a r r i e r  concentration  of the s ta rtin g  m a te r ia l 
w as c a r r ie d  out,
11Although S p itzer and N orth ' have m easu red  the re s is tiv ity  of the im planted 
la y e r  as  a function of annealing te m p era tu re , the behaviour of the d iffe ren t tra p s  
m ay not follow the o v era ll annealing c u rv e , A fu rth e r  a im  of the w ork, th e re fo re , 
w as to exam ine the annealing behaviour of each type of dam age c e n tre .
The aim s of the w ork can be sum m arised  a s ;-
1 . to de term ine som e of the p ro p e rtie s  of the dam age c en tre s  in troduced
into G aP by Ion bom bardm ent, p a rtic u la rly  a s  a re s u lt  of proton ir ra d ia tio n .
2 . to study the effects of the im plantation conditions,
i . e .  the ion energy, and ion dose, upon the in troduction  ra te  of the 
d ifferen t c e n tre s .
3. to investigate  the dependence of the type of cen tre  produced upon 
the c a r r i e r  concen tration  of the s ta r tin g  m a te r ia l,
and
4 . to determ ine the annealing behaviour of the c e n tre s .
1 .4  Outline of T hesis
C hapter 2 d iscu sse s  the m anufacture of GaP, and then exam ines the 
p ro p e rtie s  of the m a te r ia l which m ake it  of such technological im portance .
T his is  followed by sh o rt sec tions on the type of dam age produced by ion 
bom bardm ent and the gen era l p rep ara tio n  of specim ens before m easu rem en ts  
can be m a d e .
C hapter 3 f i r s t  d e sc rib e s  the a c c e le ra to r  fac ilitie s  and the way in which 
specim ens w ere  im planted and then goes on to outline the experim en ta l te ch ­
niques which w ere used to evaluate som e of the p ro p e rtie s  of the trapping  c e n tre s  
produced by the ion bom bardm ent together with the corresponding  p ieces of a p p a r­
a tu s . A th e rm ally  s tim ulated  c u rre n t appara tus was bu ilt fo r the w o rk .
C hapter 4 d isc u sse s  the analy sis  of the r e s u l t s .  The b asic  th e o rie s  a re  
exam ined and the th e rm ally  stim ulated  c u rre n t theory  is  expanded to  include 
the case of n o n -d isc re te  energy  le v e ls .
C hapter 5 p re se n ts  the re su lts  which a re  in the following o rd e r
1 . Some of the trapp ing  cen tre  p ro p e rtie s  of sem i-in su la tin g  
GaP before and a f te r  proton im plantation .
2. Some of the trapp ing  cen tre  p ro p e rtie s  of T e-doped m edium  
and low re s is tiv ity  GaP, before and a f te r  pro ton  im plan tation ,
3. T rapping cen tre  concen tration  m easu rem en ts  on proton bom barded
sem i-in su la tin g  m a te r ia l as  a function of proton dose , and 
proton en ergy .
4„ T rapping cen tre  concen tration  m easu rem en ts  on proton bom barded
sem i “insu la ting  m a te r ia l as a function of anneal te m p e ra tu re .
5. Some of the trapp ing  cen tre  p ro p ertie s  of sulphur im planted
m edium  re s is tiv ity  m a te r ia l ,
C hapter 6 exam ines and d raw s conclusions from  the r e s u l ts .  W here pos­
sible, com parisons a re  m ade with o ther w ork rep o rted  in the l i te ra tu re .
C hapter 7 su m m arizes  the conclusions and suggests, f irs tly , a  few a re a s  
w here fu r th e r  w ork would be p ro fitab le , and secondly, possib le  applications of 
the r e s u l t s .
C hapter 2 
PROPERTIES OF Ga P
2 .1  Introduction
T his chap ter d iscu sse s  the m anufactu re of GaP, and then exam ines the 
p ro p e rtie s  of the m a te r ia l which m ake it of such technological im portance.
T his is  followed by sh o rt sections on the type of dam age produced by ion 
bom bardm ent and the g en era l p rep a ra tio n  of specim ens befo re  m easu rem en ts  
can be m ade.
2 .2  M anufacture
The gallium  phosphide used  in  the experim ents d escribed  in th is  re p o rt
w as m ade by Mining and C hem ical P roducts E lec tro n ics  L td . , (MCP), using  a
liquid encapsulation, c ry s ta l pulling technique. C ry sta l pulling is  the only rep o rted
19way of growing c ry s ta ls  from  the m elt so that they a re  re la tive ly  d is lo ca tio n -free  . 
T his is  due to  the so lid -liqu id  in te rface  not being in contact w ith a c ruc ib le , and the 
ra d ia l te m p era tu re  g rad ien ts  being sm all through su itab le  design of the appara tus. 
F u r th e r  points to take Into account a re : -
/ a) the  te m p era tu re  d is tribu tion  in  the m elt should usually  be such that the 
te m p era tu re  at the so lid -liqu id  in te rface  is  the low est in the liquid, 
o therw ise, th e re  is  a strong  possib ility  of spurious nucléation.
b) The su rface  of the m elt should be fre e  of foreign  p a r tic le s  and film s.
c) The sm all p iece  of m a te r ia l u sed  to s ta r t  the pull (the seed) should hawe
20a low d islocation  density , and have been etched to rem ove su rface  
dam age. The seed  should also  be p re -h ea ted  by knvering it ve ry  slowly 
to the m elt su rface  so as not to introduce dislocations by the rm al shock.
Pulling of Gallium Phosphide crystals 
by liquid encapsulation
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2 1The norm al C zochralsk i techniques fo r pulling single c ry s ta ls  a re  usefu l
only fo r m a te ria ls  of re la tiv e ly  low vapour p re s su re s . The technique has to be
m odified in  the case  of gallium  phosphide which m elts  at 14.70^C and has a
phosphorous vapour p re s s u re  of 35 atm .
T his is  done by heating the m elt under p re s su re  (to preven t boiling) using an
in e rt gas such as argon, and by covering the m elt w ith a su itab le  liquid to prevent
evaporation  (an added bonus is  that th is  la t te r  p ro cess  also  reduces contam ination
22 23of the su rface). T his is  known as the liquid encapsulation technique ’ , the c ry s ta l 
being pulled through the liquid la y e r. A typ ical c ry s ta l pulling liquid encapsulation 
fu rnace is  shown in f ig u re  (2 .1). B oric  oxide which has a low vapour p re s s u re  and 
high chem ical s tab ility  is  u sed  as the encapsulant. Any film  rem ain ing  on the 
gallium  phosphide is  eas ily  rem oved with w ater. Pulling speeds a re  typically  
2g c m /h r  with a ro ta tion  of 10 r .  p. m .
Suitable m a te ria l fo r the m elt is  grown from  gallium  solution at a  p re s s u re  of 
8 " 10 atm  and a te m p e ra tu re  of 1450^0 using a twin zone B ridgm an apparatus"""^’ 
F ig u re  (2. 2) shows such an appara tus, A s ilic a  am poule encloses the phosphorus 
with the gallium  placed in a g raph ite  tube. The phosphorus is  heated  to 500^0 to 
produce the req u ired  p re s su re  and a hot zone is  c rea ted  in  the g raph ite  by induction 
heating. At a tra n s v e rse  ra te  of 1 c m /h r  solid , but ve ry  po lycrysta lline , gallium  
phosphide grow s.
T hese growth p ro c e sse s  re s u lt  in  oxygen, carbon, boron and s ilicon  being-
24introduced as dopants. B ass  and O liver found the following concen tration  leve ls  
in th e ir  m a te ria l to b e :-
S ilicon 0. 7 -  10 (ppm atom ic)
Boron 0.03 -  20 tt .
Carbon 10 -  100 ”
Oxygen 1 0 - 1 0 0  "
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Zinc-blende Structure
X
The structure consists of two interpenetrating 
face centred cubic sub-lattices
Nearest neighbour distance 2-36Â 
Tetrahedral radii of Ga 1-26A
• P .MOA
ref (26)
Lattice constant 5 45A
Fig 12.3.)
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Crystal Structure looking aiom  g 11101 axis
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i
X U 3 ( X )
(111).surface
O  6a
O  p
Fig (2,4)
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2. 3 P ro p e rtie s  of the m a te r ia l
2 .3 .1 .  S truc tu re
Gallium phosphide, in com m on with m ost of the III -  V com pounds, c ry s ta lliz e s
in the zinc-b lende s tru c tu re , which co n sis ts  of two in te rp en e tra tin g  fa c e -c e n tre d  
26 27cubic su b -la ttic e s  ’ . The o rig in  of the f ir s t  la ttice , the group III elem ent, is
1 1 1at 0, 0, 0 and the o rig in  of the second, the group V elem ent, a t -  , —, — , The
two su b -la ttic e s  a re  o rien ta ted  p a ra lle l to each o ther and a re  d isp laced  by the v ec to r
y  = (a /4 , a /4 , a/4) w here a is  the edge length of the e len ien tary  cube of the face -
cen tred  la ttic e  -  y is  the d is tance betw een n e a re s t neighbour atom s. Each atom
on one su b -la ttice  is  te trah ed ra lly  surrounded  by, and chem ically  bonded to, fou r
n e a re s t neighbours on the o ther su b -la ttic e  figu re  (2 .3). This s tru c tu re , if
m onoatom ic, would be the diam ond la ttic e  (e .g . Si), but because  two d ifferen t
types of atom a re  involved, the sym m etry  of inversion  about a point midway between
any two atom s is  m issing . The absence of th is  cen tre  of sym m etry  in III -  V
28com pounds gives r i s e  to  many of th e ir  unusual p ro p ertie s  .
The {111} p lanes in  III -  V compounds a re  of p a r tic u la r  in te re s t. M ade up 
of a lte rn a te  m onolayers of gallium  and phosphorus, each atom has th ree  of i ts  bonds 
d irec ted  downwards a t 70^ 32' to the no rm al and the fourth  d irec ted  upw ards.
The th ree  bonds-one bond configuration p roh ib its  identical su rfaces  on the opposite 
{ 111 }faces of zinc-b lende s tru c tu re s , as it  is  m ore en erge tica lly  favourable that 
the single bonds w ill be b roken than w ill the trip ly-bonded la y e rs . T his re s u lts  in 
{ 111}c ry s ta l faces being m ade up of atom s trip le-bonded  to the c ry s ta l, the (111) 
face  being m ade up of gallium  atom s, the (111) face of phosphorus atom s, figu re  (2 .4).
The two types of su rfa c e s , (111) and (ÏÏ1 ), exhibit d ifferen t physical and 
chem ical p ro p e rtie s . The phosphorus su rface  atom s a re  v e ry  reac tiv e  chem ically , 
s ince they a re  only trip ly -bonded  to the su rface , w hereas th e ir  norm al valence is  
five. On the o ther hand, su rface  gallium  atom s, a lso  trip ly -bonded  to the la ttic e ,
.1 4
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have no f re e  e lec tro n s , being tr iv a len t, and so a re  re la tiv e ly  inactive. An exam ple
29of th is d ifference is  p re fe ren tia l etching of the different {111] su rfaces  . The
enhanced activ ity  of the phosphorus atom s re su lts  in d islocation  etch p its  appearing
on the (111) su rface  but not on the ( Ï Î Î  ) su rface  of the GaP. T his p ro p erty  can be
used  to identify the su rfaces . A nother exam ple is  diffusion. Zinc diffuses into the
30(111) Ga su rfa c e  m ore  read ily  than  into the (111) P  su rface  .
2. 3. 2, Band s tru c tu re
31The band s tru c tu re  of G aP  is  shown in figure (2. 5). The low est m inim a in 
the conduction band lie  in the [100] d irec tio n s  in k space. G ershenzon, Thom as and
D ietz^^ have determ ined  the in d irec t band gap at O^K to be 2. 325 eV? w hilst Lorenz,
33 n 31P e ttit and T ay lo r obtained a value of 2. 338 eV. The d irec t gap (at 0 K) is  2. 89 eV .
The varia tio n  of Ind irec t band gap (Eg) w ith te m p era tu re  (^K) figu re  (2 .6 ), w as
34calcu la ted  from  the form ula of Panish  and C asey , who used  the experim ental data 
of re fe ren c e  (33).
Eg eV.
2 .3 .3 .  Energy levels  in  the band gap
Gallium  phosphide is  read ily  doped p -  type by group II im p u rities  (Zn, Cd, . . . . )  
which w ill occupy gallium  s ite s  o r  doped n -type by group VI im p u rities  (8, T e . . . )  
which w ill occupy phosphorus s ite s . Group IV im purities  (Si . . .  ) a re  am photeric 
dopants.
When considering  deep levels  they m ay be assoc ia ted  not with a sing le  im purity , 
but with an im purity  com plex o r  im purity -vacancy  com plex.
Some of the known lev e ls  in G aP a re  lis te d  below in Table (2 .1).
Im purity  Energy Levels in GaP
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Im purity Band gap 
position
R eference
S.n Ec -  0. 065 35
Te E c -  0.089 36
S Ec -  0.104 36
0 Ec -  0.896 37
Cu + 0 .68 38
Zn A + 0.062 39
Cd • A + 0. 095 39
C A + 0. 048 40
Mg A + 0. 053 41
Vp Ec -0 ,0 7 42
^G a + 0 .19 42
Si am photeric Ec -  0 .08 36
A + 0 .2 36
Z -  0 isoe lec tron ic  n -  0 .24 43
+ 0.03 43
Cd -  0 '» -  0 .34 44
+ 0.035 39
N " Ec - 0. 008 45
Table (2 .1 .)
Im
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2 .3 .4 .  E lec tro lum inescen t p ro p ertie s
B ecause of gallium  phosphide’s b road  band gap, rad ia tiv e  recom bination  
of holes and e lec tro n s  can occur in  the v is ib le  p a rt of the spec trum . The wavelength 
of the light em itted  is  in verse ly  p roportional to the energy (X = h c /E ). Table (2. 2) 
shows the highest output effic iencies rep o rted , fo r e lec tro lum inescen t diodes with 
vario u s  dopants. The output efficiency, o r  ex terna l quantum efficiency, is  defined 
as the num ber of photons em itted  fo r each, e lec tron  c ro ss in g  the junction. • •
Some p ro p e rtie s  of G aP ligh t-em itting  diodes
W avelength
(nm)
Photon
Energy
(eV)
Output
Efficiency
%
Dopant (s) R eference
699 (red) 1. 77 7 Zn, 0 46
558 (green) 2.22 0 .6 N 47
605 (yellow) 2. 05 0-1 0 (a t 77 K)
Mg, 0 41
Table (2. 2)
Bed, g reen  and yellow EL diodes a re  availab le com nierc ia lly  as single devices o r 
a r ra y s . V ariab le  colour d isp lays a re  under developm ent^^.
F igure  (2. 7) shows the spectrum  of a re d  EL diode m ade com m ercia lly , the 
in tensity  wavelength d is tribu tion  having been m easu red  with an Optica CF4 
spectropho tom eter in the Chemical Physics Department of the University.
In an in d irec t gap sem iconductor (like GaP), fo r an e lec tro n  in  the conduction 
band to recom bine with a hole in  the valence band, a m om entum  equal to k -  kc -  kv 
has to be accounted fo r, so that m om entum  is  conserved , kc and kv a re  the 
e lec tro n  and hole m om enta a t the conduction and valence bands resp ec tiv e ly . B ecause
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of th is  re s tr ic t io n  on. the c ry s ta l m om entum , the  in tr in s ic  recom bination  probability  
of e lec tro n s and holes is  low. However, the recom bination  of e lec tro n s  and holes 
can be g rea tly  enlianced by the addition of im purities  which in te rac t strong ly  with 
f re e  c a r r ie r s ,  enabling m om entum  to be conserved  throughout the c ry s ta l due to 
im p u r ity -c a r r ie r  in te rac tio n s . Some possib le im purity  induced tran s itio n s  a re ; -
a) recom bination  of an e lec tro n  trapped  by a donor, and a  hole 
trapped  by an accep to r
b) a trapped  e lec tro n  at a deep donor level recom bining with a 
f re e  hole.
c) recom bination  a t an' iso e lec tro n ic  trap .
An iso e lec tro n ic  tra p  is  produced by rep lacing  the host atom  with an 
im purity  atom which has the sam e valence as the host atom . T his in troduces a bound 
s ta te  fo r e ith e r  an e lec tro n  o r  a hole. Once one c a r r ie r  is  boimd, the cen tre  is  charged  
and the c a r r ie r  of opposite sign  is read ily  trapped  through Coulombic a ttrac tio n  to 
form  a bound exciton. T hese iso e lec tro n ic  tra p s  m ay be e ith e r  point defects o r 
m olecu les; they provide the b est im purity  -  induced lum inescence effic iencies at 
room  te m p era tu re  in  G aP. An exam ple of a point defect iso e lec tro n ic  tr a p  is  
n itrogen . Lying 8 meV below the conduction band it tra p s  an e lec tron , which, 
on recom bining with a hole, p roduces n early  full band gap rad ia tion  (green). The 
Zn-0 com plex is  an exam ple of a m olecule acting as an iso e lec tro n ic  cen tre . Oxygen 
donors a re  approxim ately  0. 83 eV below the conduction band at SOO^K, and gen era te  
em issio n  in the in f ra - re d  reg ion . The binding energy m ay be reduced , how ever, by 
introducing an accep to r onto a n e a re s t neighbour gallium  s ite . Zinc reduces the binding 
energy  of the e lec tro n  to 0. 24 eV, w hilst cadm ium  red u ces  it to 0. 34 eV. T ogether 
w ith these  rad ia tive  cen tre s  th e re  can be p resen t in the m a te ria l c en tre s  which w ill
20 !
d iss ip a te  energy  by non -rad ia tive  p ro c e sse s . Two such p ro c e sse s  a re
a) A uger p ro c e sse s
b) Deep cen tres
a) A uger p ro cesse s N on-radiative A uger p ro cesse s  
A uger 
A.
©  (Zn-O)e
.© (Zn-O)h
4, F ig , (2 .8 )
A uger
The energy re le a se d  due to e lec tro n -h o le  recom bination, in stead  of being c a r r ie d  
away by a photon, is  t r a n s fe r re d  as k ine tic  energy to a th ird  p a rtic le  (electron  
o r  ho le ), bound o r  free ,
b) Deep cen tres
Doubly charged  deep cen tre s  a re  capable of binding two p a r tic le s . Any 
recom bination  with such a cen tre  w ill not re s u lt in the em ission  of a photon because 
the excess energy w ill be tr a n s fe r re d  to the o ther trapped  c a r r ie r .
2 .4  Types of Damage in troduced by ion bom bardm ent
2 .4 .1  P hysical p ro p e rtie s
The dam age produced by an incident p a rtic le  m ay be of various fo rm s,
a) Vacancy -  In te rs ti tia l P a ir  (The Frenlcel defect).
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A F ren lœ l defect is  produced by rem oving an atom from  its  la ttice  s ite  
and placing it in a nea#%z in te rs tit ia l position. Both the vacancy and the in te r ­
s tit ia l atom m ay play im portan t ro le s  in the form ation  of o the r defects, depending
upon th e ir  m obility. M orrison  et al have shown that the  gallium  in te rs tit ia l
49is  m obile below room  te m p era tu re  in GaAs .
50Vook and Stein a ttrib u te  the grow th of m ore  com plicated defects such as
vac ancy-oxygen p a irs  and vac ancy-vac ancy p a irs  to the libera tion  of vacancies
from  defect c lu s te rs , and th e ir  subsequent recom bination  with them selves o r o the r
defects. Much le ss  is  known about the m otion of the in te rs ti t ia l  atom . It can
m ig ra te  through the la ttic e  until it encounters an im purity  atom , which is  then
disp laced  into an in te rs ti t ia l  s ite . The substitu tional im purity  is  th e re fo re  converted
to an in te rs ti t ia l  im purity : -  th is  conversion  is  Imown as the W atkins rep lacem en t 
m echanism .
b) Vacancy -  im purity  p a irs
T hese defects form  by the diffusion of a sim ple vacancy to a la ttice  s ite  ad jacent 
to an im purity  atom .
c) Divacancy.
D ivacancies m ay fo rm  d irec tly  if an incident ion succeeds in d isplacing adjacent 
atom s; and sim ple vacancies m ay also  com bine to form  divacancies.
d) D islocation lines and loops
D islocation lines, and loops can grow e ith e r  by the agglom eration of sim ple  
defects, o r  as a re su lt of s tra in  fie lds that accompany the dam age. If we have a  line 
of sim ple defects figu re  (2. 9)(1) in  a c ry s ta l pinned at e ith e r end by an im purity , 
theUg under s t r e s s  (say due to volum e expansion of the dam aged region) the line 
bows figu re  (2. 9)(2). U nder som e conditions the s t r e s s  req u ired  fo r continued 
bowing d ec re ase s  as the bowing in c re a se s , so that eventually the d islocation  loop 
w ill c u r l back on itse lf  and su rro u n d  the pinning points figu re  (2.9)(3). The two
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ends m ay then unite so that a closed  d islocation  loop is  form ed, and the segm ent 
between the p rim ary  points m ay s tra ig h ten  out to its  o rig inal condition figu re  (2. 9. )(4). 
The dislocation  loops thus fo rm ed  w ill continue to grow under applied s t r e s s  -  and the 
pinned segm ent w ill continue to g en era te  successive  loops.
• D islocation loop form ation
(1) (2 )
(3) F ig . (2. 9)
e) Vacancy and in te rs ti t ia l  p la te le ts
Types of p la te le t
Vacancy p la te le t
(4)
In te rs ti tia l p la tele t
F ig .(2 .1 0 )
The p la te le ts  grow by the accum ulation of im plantation generated  vacancies and 
in te r s t i t ia ls .  They anneal out in the reg ion  500-600*0.
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f) Heavy d iso rd e r
If a la rg e  num ber of atom s a re  d isp laced  in  a sufficiently  sm all volum e 
(called  d isp lacem ent sp ikes by Brlnkm an)^^ the c h a ra c te r is tic s  of the m a te r ia l 
w ill change tow ards the am orphous sta te . T his d iso rd e r co n sis ts  of sim ple 
defects, d islocation  loops and p la te s  of in te rs tit ia ls  and vacancies.
2 .4 .2 .  E le c tr ic a l p ro p ertie s
The different types of dam age (section (2 .4 .1 )) m ay be e lec tr ica lly  charged, 
so that they w ill then be capable of acting as c a r r ie r  trapping o r  recom bination  
ce n tre s .
If a  c a r r i e r  cap tu red  at a cen tre  stays fo r  a ce rta in  length of tim e in  that 
s ta te  (known as the life tim e), befo re  being ejected  therm ally , the c en tre  is  acting 
as  a trap . If, how ever, befo re  the th e rm a l ejection  can occur, a c a r r ie r  of 
opposite type is  trapped  at the sam e cen tre , recom bination takes  p lace and it m ay 
be reg a rd ed  as a recom bination  cen tre . Which ro le  a cen tre  plays depends upon 
the re la tiv e  concentrations of m a jo rity  and m inority  c a r r ie r s  and upon the re la tiv e  
cap tu re  c ro s s -se c tio n s  fo r  th e se  c a r r i e r s .
Table (2, 3) shows the d ifferen t kinds of trapping  cen tre  and the cap tu re  
p ro cess  involved. The genera tion  of c a r r i e r s  i. e. the re le a se  of c a r r i e r s  from  
trapping cen tre s , is  the re v e rs e  p ro cess  of that indicated.
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T rapping cen tre  cap tu re  p ro cesses
Type of C a r r ie r In itia l T rap P ro c e ss F ina l T rap
cen tre State State
A ttrac tive e lec tro n K + e Np < D onor-like
N eutral e lec tro n < < + e -> Np M
R epulsive e lec tro n + e -4  Np < IÎ-
R epulsive hole <
N «T
<
<
Or+ h Np
<
A ccep to r­
like
N eutral hole + h -> Np tt
A ttrac tive hole + h T1
T able (2. 3. )
T h ere  a re  indications tha t the vacancies and a re  both e lec tr ica llyGa P
active -  Vp acting as a donor producing a  level -  0. 07 eV and V ^^ acting as 
an accep to r producing a level E^ + 0 .19  eV. (see section  2. 3 .3  and T able (2 .1)),
The charge and re la te d  levels  fo r in te rs ti t ia ls  d ivacancies etc. a re  unknown at 
p resen t.
2. 5. Surface p rep ara tio n  and contacts
B ecause ion im plantation  is  b as ica lly  a su rface  p ro cess , being lim ited  to 
the f i r s t  few m icrons into the m a te r ia ls , the su rface  p rep a ra tio n  of specim ens is  
of p a r tic u la r  im portance.
2 .5 .1 .  Dicing
S lices w ere  cut up into 2. 5 mm sq u ares  using a  w ire  saw m ade by P roduction
Techniques L im ited. The w ire , m ade by L a se r Technology Incorporated , w as 0. 2 m m
53thick and im pregnated  w ith 45ju diamond. L a is te r  com m ents that su rface  dam age 
re su ltin g  from  cutting up s lic e s  using a diamond im pregnated  wheel can be frac tio n s  
of a m icron  thick.
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2. 5. 2. Polishing
To obtain a good su rface  fin ish  and to rem ove any dam age produced by
cutting up the ingot, the su rface  to be im planted is f i r s t  polished. Specim ens
a re  deg reased  with trich lo roethy lene and then w ashed in m.ethanol in  an
u ltra so n ic  bath. A fter th is  they a re  m ounted using  Apiezon-W  wax (which m e lts  .
at 50 C, allowing easy mounting and rem oving of specim ens) onto a qu artz  d isc .
Oipe a ll tra c e s  of excess wax a re  rem oved, and a fte r  a fu rth e r  degreasing ,
the specim ens a re  polished with 500 A alum ina powder on a M etaserv  B polishing
pad with 1% b rom ine/m ethano l solution acting as an etch  and lub rican t. The
p re s s u re  applied to the specim en w as in  the reg ion  150 -  200 gm /cm ^. T aly step
m easu rem en ts  showed that th is  p rocedu re  gave a su rface  fin ish  with a peak
to valley  d istance of b e tte r  than 200 Â
The m ethod is , in ,fac t, a com bination of sev e ra l techniques which vario u s
au thors have used  su ccessfu lly  on GaAs. Meieron^"^ has polished GaAs with 1 ju
diamond paste  which leaves dam age estim ated  to extend 70 A into the m a te ria l;
which he rem oved by a chem ical polish  of 0. 5% brom ine/m ethanol solution.
Buiocchi^^, on the o the r hand, used  6/i diamond paste  leaving dam age 6000 a
deep, which w as rem oved with 15% b rom ine/m ethano l solution. F u lle r and
A llison^^ used  5% brom ine/m ethano l to obtain a "high” polish  on GaAs. w h ilst 
57Sullivan and Kolb used  v ario u s  concen trations below 0.1% and applied
p re s su re  to the specim ens, finding that a p rac tica l w orking p re s s u re  w as
, 2 250 g m /cm  .
The v ariab les  a re , th e re fo re : -
s ize  of polishing powder 
concen tration  of b rom ine/m ethanol 
p re s s u re .
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It w as found that c o a rs e r  g rade alum ina powder than the 500 A used , produced 
a g re a te r  pealc to valley  d istance (0 .1/i powder gave 2000 A peak to valley), w hilst 
f in e r  g rad es  gave no m easu rab le  im provem ent as m easu red  by the T alystep , 
w hilst in c reasin g  the tim e  taken to obtain a sa tisfac to ry  fin ish . The fin e r the 
powder used , however, the le s s  the su rface  dam age.
B rom ine/m ethano l ac ts  as a chem ical polish. Too low a concentration  
w ill im pede th is  polishing p ro c e ss , w hilst too high a concen tration  w ill etch 
away the G aP without im proving the su rface  fin ish . The 1% brom ine/m ethano l 
u sed  w as found to give a good su rface  fin ish  (200 A peak to v a lley ); w ithout 
rem oving aTot of m a te r ia l, typ ically  5/x.
Simply placing a specim en  in  a ro ta ting  beaker, that is ,  no p re s s u re  is
being applied, w ith 1% b rom in e /m eth an o l solution and powder, gave a  su rface
which under the m icroscope  could be seen  to be p itted . T his indicated  that
p re fe ren tia l etching w as taking p lace, the specim ens being o rien ta ted  in the (111)
2d irec tion . On the o th e r hand, too high a p re s su re , 400 g m /cm  , produced a 
sc ra tch ed  su rface .
Using W ronski’s^^ solution of 2 » 5 phosphoric acid/1%  b rom ine/m ethano l 
solution as a polish  fo r G aP, re su lted  in an undulating su rface  with a peak to 
valley  d istance of 2000 A as m easu red  by a T alystep  su rface  p rofile .
2 .5 .3 .  Etching
N um erous au thors have suggested etchants fo r GaP. Some of th ese  a re : -
E tchants fo r  G aP
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C onstituents ■ R atio Etch ra te R eference
HNOg, HCL (boiling) 1 ,3 30/x/min 59
C hlorine sa tu ra ted  m ethanol 30ju/min 56
W  V 3,1*1 0. Olju/min 60
: h NO : HF 3*6,1 2 -3 /i/m in 61
plus a few drops of 
brom ine a t 50^C
HP: HNOg 1* 1 0. 5p /m in 62
T able (2 .4 . )
Not a ll the etchan ts w ere  used  as  it w as found that a sh o rt etch  (10 seconds) 
in a w arm  aqua re g ia  a t 50^0 left a su rface  fin ish  not m easu rab ly  changed from  
the unetched m a te ria l. Thus, a f te r  polishing, specim ens w ere  given a sho rt 
etch in  aqua reg ia  to rem ove any rem ain ing  tra c e s  of dam age.
2. 5 .4 . Ohmic contacts
Ohmic contacts w ere  m ade to both the n-type and high re s is tiv ity  bulk m a te ria l 
by alloying in  tin  at 230^ C in  an atm osphere  of HCl vapour, a p ro c e ss
which takes 2 - 3  m inutes. T in  is  convenient to u se , as it a lloys at low te m p e ra tu re s  
so that th e re  is  li ttle  o r no change in  the com position of the G ap d u rirg  contacting. A gold- 
tin  alloy (4% tin) w as a lso  used  occasionally , but th is  re q u ire s  an alloying te m p e ra tu re  
of approxim ately  400^0.
The lim ita tions of alloyed con tacts , nam ely, the depth to which contacts 
p en e tra te  (1 -  2/i, which is  la rg e  com pared  to im plantation ranges) and lack of 
con tro l over contact a re a  can be overcom e by evaporating con tacts through a m ask , 
followed by heat trea tm e n t. T in  w as also  u sed  fo r  th is m ethod. Evaporating
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tin  d irec tly  onto the su rface  gave a rec tify in g  contact, w hilst heat trea tm en t 
re su lte d  in  the tin  m elting. Good ohm ic contacts could be obtained, how ever, by 
evaporating a la y e r of n ickel (m elting point 1455^C) over the tin , and then heat 
trea ting .
2. 5. 5. Schottky con tacts
1. 5 m m  d iam ete r gold dots w ere  evaporated  onto the gallium  phosphide
65to produce Schottky b a r r ie r  con tacts. B. L. Smith ' has m easu red  the diffusion
66voltage of the A u-G aP in te rface  to be 1. 31 V + 0. 02V. Cowley d iscu sses  the 
effects of a sm all in te rfac ia l la y e r. If the la y e r  is  10 A thick, the apparent diffusion 
voltage, as m easu red  by the C~V m ethod w ill be 1.4V  in c reasin g  to 2 .4  V fo r one 
20 A thick.
B efore a specim en w as placed in the evapora to r i t  w as d eg reased  and w ashed 
in iso -p ropy l alcohol. Each sam ple w as held on a s ta in le ss  s tee l m ask  with 
s ilv e r  conducting paint. The gold w as evaporated  at a p re s s u re  in  the reg ion  5 x 1 0   ^
to r r .  No difficulty was experienced  in  obtaining diodes with diffusion voltages of 
le s s  than 1 .4  V, using th is  m ethod. In c a se s  w here th is voltage w as h igher, the 
gold w as rem oved, the su rface  cleaned  and a new contact evaporated .
2. 5. 6. Rem oval of Schottky con tacts.
M ercury  w as found to be convenient way of rem oving gold Schottky
67contacts; the solubility  of gold in m e rc u ry  being 0.13 atom ic % at room  te m p e ra tu re  . 
However, the m ethod often le ft sm all t r a c e s  of gold behind, c le a rly  v is ib le  under 
an op tical m icroscope. The p ro c e ss  w as followed, th e re fo re , by placing specim ens 
in  a 10% potassium  cyanide so lu tion . Any gold d isso lves to form  potassium  aurocyanide, 
hydrogen cyanide gas being evolved^
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Chapter 3
EXPERIMENTAL TECHNIQUES AND APPARATUS
3 .1  G eneral Introduction
The in itia l sections of th is  chap ter outline the a c c e le ra to r  fac ilitie s  and 
the way in which specim ens w ere  im planted. Another sam ple p ro cessin g  p rocedu re , 
that is  annealing, is  then d iscussed .
L a te r sections d esc rib e  f irs tly  the experim ental tecliniques em ployed to 
de term ine  som e of the  p ro p e rtie s  of the cen tre s  produced by the ion bom bardm ent 
and secondly the corresponding  p ieces of apparatus. The m ethods used  w ere: -
1) T herm ally  s tim ula ted  cu rren t (TSC), providing inform ation  on the cap tu re  
c ro s s -se c tio n s , concen trations and associa ted  energy levels of the trapp ing  
cen tre s .
' 2) C apacitance m easu rem en ts  as a function of
(a) voltage (C-V):enabling the m ajo rity  c a r r ie r  concen tration  to be 
determ ined
(b) frequency (C -f),indicating the num ber of deep lev e ls , and
(c) tim e  (C-t): a lso  allowing the energy level values to  be calcu la ted .
A ll th ese  m ethods em ploy m e ta l/sem ico n d u c to r rec tify ing  contacts (Schottky
b a r r ie r s ) .  The lim itations of such b a r r ie r s  a re  d iscussed  in section  (3 .4 .4 . 2. ). .
-9Method (1) is  only possib le  if the re v e rs e  b ias junction c u rre n t is  v e ry  low < 1 0  A
so that c a r r ie r s  re le a se d  from  tra p s  a re  not swam ped by the leakage c u rre n t. F o r
““ 9  *“ 6highly dopea m a te ria l the leakage c u rre n t m ay be in the range 10 -  10 A , in
th is  case  capacitance as  a fimction of tim e (G -  t) proved to be a m ore p ra c tic a l 
m ethod.
The la s t section provides d e ta ils  of the capacitance b rid g e s .
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3. 2 Im plantation fac ilitie s  
3 .2»1 . The a c c e le ra to r
Im plantations w ere  c a r r ie d  out using  the departm en ts 600 keV heavy ion 
a c c e le ra to r , which has been d escrib ed  in  deta il by C racknell et al^^. F igu re  (3.1) 
shows the fac ility  schem atically . All im plantations w ere  m ade on the 90° exit 
beam  line from  the analysing m agnet, the m axim um  m a ss-en e rg y  product from  
th is  line being 45 a, m .u . MeV. The stab ility  of the e le c tro s ta tic  g en e ra to r 
(SAMES) was b e tte r than 1% (this de te rm in es  the stab ility  of the whole sy stem , as 
the m agnet s tab ility  is  Oq 1%). The s tab ility  of the g en e ra to r has recen tly  (Feb. 75) been 
im proved to b e tte r  than 0. 2% and fu rth e r  m odifications a re  planned.
3. 2 .2 . Ion species
F o r  a given a c c e le ra to r  voltage v a ria tio n  of the m agnet c u rre n t re s u lts  in  ions 
of d ifferen t m ass  en tering  the ta rg e t cham ber. By m onitoring the beam  c u rre n t a 
spectrum  of cu rren t v e rsu s  m ass  can be obtained. The ion of in te re s t can then 
be identified  e ith e r  by com parison  with prev ious sp e c tra  obtained with loiown ion 
sp ec ies  in the a c c e le ra to r , o r  by com parison  with published isotope abundance 
data.
3 .2 .3 .  Beam uniform ity
o •The beam  in the 90 line is  f irs tly  d e -focussed and then e lec tro s ta tic a lly  
scanned at a frequency of 200 Hz 2kHz in both x and y d irec tio n s . The x d irec tion  
is  usually  swept at a fa s te r  ra te  than the y d irec tion  to obtain good coverage of the 
specim en.
3 .2 .4 .  D osim etry
It is  assum ed that each incident ion falling  on the specim en and specim en p la te  
con tribu tes one unit of charge to the beam  c u rren t. This w ill be in e r r o r  if secondary  
e lec tro n s  a re  em itted  from  the  sam ple su rface . This em ission  may be m in im ised  by
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having a  negatively b iased  su p p re sso r  in front of the specim en. As the  su p p ressio n  
voltage is  in c re ased  the co llected  cu rren t fa lls  to the sam e constarfc value which is  
assum ed  to be due to the positive ions only.
A potential of 300 V (corresponding to an e lec tr ic  field  of 100 V /cm ) w as found
to provide m o re  than adequate suppressioiio The m easu red  c u rre n t had dropped to
71a constan t value by about 150 V.
P ossib le  so u rces  of e r r o r  a re
1. the n eu tra l com ponent of the beam . T his m ay be m in im ised  by reducing
the p re s s u re  in the beam  lines  to as  low a value a s  possib le . The
-6  ~7p re s su re  in the ta rg e t cham ber w as typically  10 -  10 to r r .
2. doubly charged  sp ec ie s , c rea ted  in the beam  line a f te r  the m agnet
3. leakage c u rre n ts  in the ta rg e t cham ber.
3. 2. 5, A djustable p a ra m e te rs
The p a ra m e te rs  availab le are* -
1. Energy of incident ion; so determ ining  the depth of im plantation.
The energy  ran g e  u sed  w as 15 keV -  400 keV.
2. Dose. G re a te r  than 10^^ cm  V ery sm all doses a re  difficult to 
m e asu re  accu ra te ly  because of the very  sm all tim e that the beam  is  on 
the specim en,
3. Ion spec ies. The work concen tra ted  on p ro tons, but a few sulphur 
im plantations w ere a lso  c a r r ie d  out.
4. Dose ra te . T his depends on the ion spec ies. F o r  protons the  dose 
ra te  could be v aried  over the range  30 -  150 nA.
5. The te m p era tu re  at which the specim en was im planted. T his could be 
in the ran g e  20 -  200°C. In all cases  the specim ens w ere  im planted at 
room  te m p era tu re .
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6. The o rien ta tion  of the c ry s ta l  to the beam . All specim ens w ere
orien ta ted  at 7° off the < 111> d irec tion  to avoid significant channelling,
3 .2 .6 .  Mounting of specim ens fo r im plantation
Specim ens w ere  m ounted onto a s ta in le ss  s tee l ho lder using  s ilv e r  conducting
paint to provide a good e le c tr ic a l and th e rm a l contact. S lits defined the a re a  to be
im planted and sam ples could be o rien ta ted  7° of the <[ l l l )>  d irec tion  to avoid
channelling. The ho lder assem bly  fitted  into a sliding c a rr ia g e  (which could be
contro lled  from  outside the ta rg e t cham ber) so that up to  f iv e  d ifferen t im plantations
could be c a r r ie d  out, w ithout le tting  the ta rg e t cham ber up to a ir .
3 .3 . Annealing of specim ens
The annealing behaviour of the p ro ton  dam age was investigated  in two
te m p era tu re  reg ions (sections ‘ (5, 5 .4 .) ) .  Specim ens to be annealed below 250°C
had a tin  contact alloyed on before im plantation and annealing, w hilst those  to be
annealed at 300°C o r  above w ere  im planted and annealed before contacting.
(The te m p era tu re  lim it of 250°C was determ ined  by the fact that tin  m e lts  at 280°C).
T his la tte r  group of sam ples w ere  coated with SiO^ before annealing. In each ca se
specim ens w ere  placed face down on a s im ila r  s lic e  of G aP in  a quartz  boat*, a
72m ethod used  by H unsperger and M arsh fo r annealing GaAs. A rgon gas was
3p assed  over the sam p les w hilst in the fu rnace at a ra te  of 6 ft / h r ,  n itrogen  not 
being used  as it is  a dopant in  G ap. The anneal te m p e ra tu re  could be calcu la ted  
from  the known p ro file  along the fu rnace and the known re la tio n sh ip  between the 
a re a  of m axim um  te m p era tu re  and the te m p era tu re  se t on the con tro l unit. In 
every  case  the annealing tim e  w as 30 m inutes. Each specim en was annealed at 
only one te m p era tu re  i. e. not at a s e r ie s  of inc reasing  te m p era tu re s .
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- 73The SiO^ film s w ere  grown using the technique of G oldsm ith and K ern , in
which silane  (SiH ) re a c ts  with oxygen at a te m p e ra tu re  of approxim ately  300^0 -  4
350^0. The reac tio n  is ; -
SiH^ + 20g  8iO + 2H^0
Specim ens to be coated w ere  placed on a hot p la te  inside a bell ja r ,  as shown
73in  figu re  (3. 2). The deposition ra te  is  an increasing  function of te m p e ra tu re  , 
typ ical r a te s  being 450^A /cm  at 310^0, and 800 A /cm  at 330^0. Grown film s 
w ere  approxim ately  5000 A thick as judged by the colour of the in te rfe ren ce  frin g es , 
and a fte r  annealing could be rem oved with 40% hydrofluoric acid.
3 .4 . E le c tr ic a l m easu rem en ts  and appara tus
3 .4 .1 .  In troduction
The e le c tr ic a l p ro p e rtie s  of sem iconductor m a te ria ls  a re  not only determ ined  
by th e ir  physical s tru c tu re  but by the p resen ce  of sm all quan tities of im p u rities  a n d /o r  
im perfections in  the c ry s ta l la ttice . F o r  th is reaso n  e le c tr ic a l m easu rem en ts  on 
sem iconductors a re  very  sen sitiv e  to irrad ia tio n  dam age com pared  to say  R u therfo rd  
b ack sca tte r techniques; consequently, e le c tr ic a l m ethods w ere  used  ex tensively .
The techniques availab le fo r determ ining  som e of the p ro p e rtie s  of deep leve ls  w ere;
(1) H all and re s is tiv ity  m easu rem en ts  as a function of te m p era tu re
(2) T herm ally  s tim ula ted  cu rren t (TSC)
(3) R ev erse  b iased  m e ta l/sem ico n d u c to r junction capacitance m easu rem en ts  
as a function of frequency.
(4) R ev erse  b iased  m e ta l/sem ico n d u c to r junction capacitance m easu rem en ts  
as a function of tim e.
M ethods (1) and (3) a re  of only lim ited  application. Method (1) is  d ifficult to
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analyse in case s  w here many deep levels a re  p resen t. F u rth e rm o re , Hall 
m easu rem en ts  have to be confined to the im planted reg ion  alone which m eans tha t 
the  m ethod can only be applied to c a se s  in which the im plantation e ith e r  produces, 
o r the ions p enetra te  s tra ig h t through, a thin ep itax ia l la y e r which is  m ounted on a 
sem i-in su la ting  su b s tra te .
Method (3) p rovides a qualitative, indication of the num ber of deep lev e ls . It 
w as used  fo r th is  purpose in  section  (5.4. 3. ). It is  difficult to d e term in e  any' 
quantitative inform ation from  th is technique.
Methods (2) and (4) a re  the m ost easily  applied. Method (2) is  p a rticu la rly  
usefu l as energy  levels can be read ily  reso lved , sim plifying the analysis . The
technique re l ie s  on the c u rre n t a c ro s s  a re v e rs e  b iased  m eta l/sem ico n d u c to r junction
-9  17 3being sm all, that is  of the o rd e r  of 10 A. F o r highly doped (10 cm  ) m a te ria l
th is  cu rren t is  exceeded fo r  even low b ia se s , so swamping any cu rren t genera ted  by
the re le a s e  of c a r r ie r s  from  trapping  c en tre s . In th is  case , how ever, provided the
cu rre n t is  le s s  than 1 pA, the C -t m ethod can be used . Method (4) was applied to
the m easu rem en t of deep leve ls  in the m edium  and low re s is tiv ity  m a te r ia ls  (sections
(5 .4 . 5. )) w here the TSC m ethod w as lim ited  by leakage c u rre n ts . The analysis  of C -t
cu rv es , how ever, is  difficult if m any deep levels  a re  p resen t.
In all th ese  teclm iques Schottky b a r r ie r s  have been em ployed. T hese  a re  
d iscu ssed  in section  (3 .4 .4 . 2. ).
O ther capacitance m easu rem en ts  C - V  and Copeland, u sed  to d e term ine  the 
m a jo rity  c a r r i e r  concentration  of reg ions c lo se  to the sem iconductor su rface  a re  
d escrib ed  in sections (3 .4 ,4 .3 .)  and (3 .4 .4 .4 .  ).
F o r each experim ental m ethod the appara tus used  is  a lso  outlined.
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3 .4 .2 .  The therm ally  stim ulated  cu rren t experim ent
3 .4 . 2 .1 . G eneral m ethod
The experim ental m ethod may be sum m arised  as follows;
(a) Cool the specim en to som e convenient tem p era tu re , in th is  case  the boiling 
point of n itrogen , 77°K.
(b) E nsu re  that trapp ing  cen tre s  a re  filled . T his m ay be achieved using optical 
excitation o r su itab le  biasing.
(c) W arm  up the specim en at a  constant heating ra te , m onitoring the c u rre n t as a 
function of tem p era tu re .
If it is  known which energy levels  a re  p resen t in  the bandgap, it should be 
possib le  to choose low er and upper te m p era tu re s  such that the levels  of in te re s t may 
be exam ined. In p rac tice , how ever, the m ethod is  usually  em ployed to e s tab lish  
which levels  a re  p resen t, and the te m p era tu re  lim its  adjusted  from  experim en tal 
experience. In th is w ork, the low er lim it (77°k) was se t by the equipm ent availab le, 
the  upper lim it 323 -  373°k by the te m p era tu re  a t which the th e rm al genera tion  of 
c a r r i e r s  swam ped any trapping  effects.
3 .4 .2 .2 .  F illing  of the tra p s
3 .4 . 2. 2 .1 . By optical excitation
The specim en is  f irs tly  cycled se v e ra l tim es, between 77^K and room  te m p era tu re , 
in the dark  and under constant re v e rs e  b ias. This en su res  that trapping  cen tre s  with 
energy  levels  in the upper p a r t of the bandgap a re  em pty, the F e rm i level under these  
conditions being c lose  to the cen tre  of the bandgap. Any th e rm ally  s tim ulated  c u rre n t 
obtained with the specim en in th is  s ta te  is  r e fe r re d  to as the ’’dark" o r  " background’* 
c u rre n t. If the specim en is  now illum inated  e ith e r with w hite light o r  a helium /neon  
la s e r ,  e lec trons a re  excited  from  the valence band into em pty trapping cen tre s  and 
from  full trapping cen tre s  into the conduction band. Depending upon the lig h t’s w ave-
Trapping centre occupancy  as  a  function of température TÔT traps  in various bandgap positions
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n e u tra l  d o n o rs  in 
;■ non-equilibrium
w -d e p le t io n  ‘ 
reg ion  width R e v e rse  bias ■ (at the same te mperaî u r e )
Fig (3.3)
length and in tensity  an equilibrium  condition is reached  in which som e proportion  
of deep trapping  cen tre s  a re  filled  at any instan t; the equilibrium  s ta te  being 
' 'fro zen -in "  when the illum ination  is  rem oved. As som e trapp ing  cen tre s  in the upper 
p a rt of the bandgap w ill now be fu ll, the F e rm i level w ill have moved closer, to the 
conduction band as a re su lt of th is  excitation . Upon ra is in g  the te m p era tu re  
trapped  c a r r ie r s  a re  re le a se d  into the conduction an d /o r valence bands. The 
effects of te m p era tu re  upon trapping cen tre s  in various bandgap positions, 
labelled  1 ~ 3 in figure (3. 3(a)), a re  sum m arized  in tab le  (3 .1 .) .  The re le a se  
of an e lec tro n  from  a donor-like tr a p  o r the re le a se  of a hole from  an a c c e p to r-
lik  tra p  (as defined in tab le  2 .3) w ill both contribu te  to the m easu red  cu rren t.s
3 .4 . 2. 2. 2. By v a ria tio n  of the  b ias
A specim en is  f ir s t  cooled under zero  o r low re v e rs e  b ia s  in the d ark , figure
(3,3)(b), as In the prev ious sec tio n . Once the low te m p era tu re  lim it is  reached , the b ia s
on the specim en is  changed to a h igher value of re v e rs e  b ia s . The situa tion  is
then as in  figure (3 .3 . (c)). Trapping cen tre s  in  the upper p a rt of the bandgap, at
74the edge of the depletion reg ion  a re  filled  and in a s ta te  of non-equ ilib rium  , so 
tha t, with a r i s e  in  te m p era tu re , they re le a s e  th e ir  c a r r ie r s  into the conduction 
band. O ther cen tre s  rem a in  em pty. The m ain contribution, th e re fo re , to any 
the rm ally  stim ulated  c u rre n ts  w ill be as a re su lt of c a r r ie r s  being re le a se d  from  
" lev e ls"  in the upper p a rt of the bandgap. C om parison of TSC curves obtained a fte r  
optical excitation with those obtained a fte r varia tion  of the b ias have been used  to 
determ ine energy level bandgap positions in  sections ( 5 .3 ,2 .  ).
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3 o 4 .2  « 3 . Effect of the heatine: ra te
The v aria tion  of the te m p era tu re  at w hich a  c u rre n t m axim um  o ccu rs , a s  a  
function of heating ra te  can  be calcu la ted  from
^  _ -----------------------   . re fe re n c e  (75)
E exp ( —  )
m
Tm  ~ te m p era tu re  a t which the c u rre n t maxim.um occurs  
” tra p  energy  level 
f3 “ heating  ra te
-  cap tu re  c ro s s -se c tio n  of the tra p .
Increasing  the heating ra te  m oves the c u rre n t m axim um  positions to h igher 
te m p e ra tu re s , A change of +10% in the heating ra te  about the usual value of 0.3TC/ 
sec w ill cause tom ove by + 0.3TC for a shallow  level (e .g . 0 .2  eV), and by 
+ 0,9®K fo r a d eeper level (e ,g . 0 ,75 eV) figure (3 ,4). F igu re  (3,5) shows the 
varia tio n  of w ith /3,for an E ^  of 0 .6  eV ,in g re a te r  d e ta il.
Tm» is  not strongly  dependent upon jS, so that
a) by vary ing  the heating ra te  it is  not possib le to sep a ra te  c losely  spaced 
c u rre n t peaks.
b) the good separa tion  of the peaks, found in the ex perim en ts, m eant that the 
choice of heating ra te  w as not c r i t ic a l .
W hatever value of heating ra te  is  chosen, however, it m ust rem a in  constan t 
over the period  of tim e which it takes for one se t of trapping  c e n tre s  to em pty, typ ically  
1 - 2  m in s .
3 .4 .2 .4 .  Separation of the c u rre n t peaks
If two energy  levels  having the sam e concentration of trapping  cen tre s  a re  
c lo se  to each other in the bandgap then they can be sep a ra ted , provided they a re  
not c lo se r  than 0.01 eV a t low te m p e ra tu re s  (77°K) and 0 .06 eV a t room  te m p e ra tu re .
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T herm al quenching' can be used to sep a ra te  peaks ex p erim en ta lly . A s soon a s  
the f i r s t  peak has reached  i ts  m axim um  value, liquid n itrogen  is  poured into the 
c ry o s ta t . The te m p era tu re  m i l  not fa ll im m ediately  because of th e rm al in e r t ia .
Any delay en su re s  tha t a ll trapp ing  c e n tre s  a re  com pletely em ptied . A fter cooling, 
the tem p era tu re  is  ra ise d  without any re - f il lin g  of t r a p s .  Only the second peak is  
now seen ,
8 .4 .3 .5 .  C oncentration m easu rem en ts
By m easu ring  the Schottky contact capacitance as  a fmiction of tem p era tu re
(C-T) the depletion reg ion  width and th e re fo re  the volume being exam ined (as
-2the contact a re a  is  known (1,767 x 10 sq , cm)) at each c u r re n t peak can be d e te r ­
m ined . F igure  (3,6) shows a C -T  cu rv e . The a re a  under the c u rre n t peak is  p ro ­
portional to the num ber of cen tre s  in  the m easu red  volim ie. If n is  the num ber of 
c a r r i e r s
/- ^ 2
-  - t j ,  ' f
1
w here the c u rre n t peak o ccu rs  in the tem p era tu re  range T^ -  T ^ , The in teg ra l te rm  
is  then the a re a  under the c u rre n t peak. If it is  assum ed  tha t each cen tre  re le a s e s  
only one c a r r i e r ,  then A - l .
3 . 4 . 2 . 6. D etection lim its
The minim.um num ber of trapp ing  cen tre s  detectab le  w as approxim ately  
10^ -  10^, which co rresp o n d s  to a concentration  of 10^^ -  10^^ cm  tha t is  
a detection  lim it of 0,001 ppm . It should, th e re fo re , be possib le  to m e asu re  the im ­
p u rity  concen trations in a s  grown m a te r ia l, typical values of which a re  given in 
section  (2 .2 ).
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3 .4 .2 .7 .  E ffect of the e le c tr ic  field upon the n iunbers of c a r r ie r s  co llected  
The e le c tr ic  field affects the nm nber of c a r r ie r s  co llected  in se v e ra l w ays.
1) the p robability  of a  c a r r i e r ,  em itted  from  a cen tre , being re -c a p tu re d ,
76d e c re a se s  as  the field  in c re a se s . D ussel and Bube have shown th is experim en ta lly  .
2) the capture c ro s s -se c tio n  of a tra p  is  field d e p e n d e n t v a r y i n g  as E 
At the low te m p e ra tu re s  a t which the trapp ing  cen tre s  a re  filled , how ever, th is  
field  dependence is  neglig ible com pared to that of the tem p era tu re  dependence, th is  
vary ing  as T , w here n is  g re a te r  than 2 ,9  (see re su lts  tab le  (5 ,2 . )).
3) the Coulombic potential b a r r ie r  of the trap  m ay be low ered, re su ltin g  in
77 78c a r r i e r s  being m ore  eas ily  trap p ed . This is  known a s  the P o o le -F ren k e l effect ’
To experience th is  effect, the tra p  m ust be e ith e r positively  charged  when em pty and 
n e u tra l when occupied, o r , neutralw hen em pty and negative when filled . F ig u re  (3.7) 
shows the effect of in c reas in g  the e le c tr ic  field upon the tra p  potential b a r r ie r .  F o r
ze ro  o r very  low fie lds (less  than lOOV/cm) the em issio n  from  a tra p  is  by th e rm al
79 2 5p ro c e sse s  only , At m odera te  fie lds (10"' -  10 V /cm ) th e rm al em ission  over a
reduced  b a r r ie r  (E^ -  ^E ^) tak es  p la c e . At high fie lds tunnelling can occur, and at
s til l  h igher fie lds the tra p  becom es d e -lo c a lise d .
The b a r r ie r  height fo r a tra p , experiencing a P o o le -F ren k e l type of b a r r ie r
■t )
ilow ering, v a rie s  as  E , The change in b a r r ie r  height (/\E ) fo r an e le c tr ic  fie Id (E)
is  given by
^ V rA E t  = ■
The m axim im i field  value m e asu red  in th is  w ork w as 2 x 10^V /cm  correspond ing  
to  a value of &E^ of 0,0007 eV, a change of only in  the b a r r ie r  height fo r the 
shallow est level, and an in c re a se  in the th e rm al em ission  ra te  of 9%. The field
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The effect of increasing the electric field 
Upon the trap poteniiql barrier
Low field 
Thermal re-emission
/A
Moderate field
Thermal re-emission  with reduced barrier
High field 
Tunnelling
Very high field
Trap delocalization
Fig [3,7,.]
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Specimen Geometry
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(a) Implantedregions
7 "
B
/K
A
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l b )
m esastructure
y
evaporated gold top  con tact ( Schottky)
7 .  7  /  /  /  ' y ~ 2
alloyed tin bottom 
contact (Ohmic)
(c)
2:5mm
! I, 1 5mm ,!
0 25m%_ _ T7-
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Fig (3,8)
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v aria tion  re su ltin g  from  the P o o le -F ren k e l effect, th e re fo re , is  neglig ible, Con­
sequently , the predom inant effect of the e le c tr ic  field  is  in determ in ing  the num ber 
of c a r r ie r s  co llec ted , ( i .e .  num ber 1). In the re su lts  which follow, the num ber of 
dam age c en tre s  at each  level have been no rm alised  to the app rop ria te  field  sa tu ra tio n  
value, o r in som e c a se s  e .g .  m ino rity  trapp ing  c e n tre s , to a fixed field  value.
3 .4 .2 .8 .  Effect of the specim en geom etry  and the con tacts
A few specim ens w ere  im planted with 300 keV protons at various doses .
13 15 "“2(10 “ 10 ) cm  using the geom etry  of figu res  (3.8 (a) and (b)). C ontacts A
and B w ere form ed by alloying tin  do ts , or evaporating e ith e r  tin  o r gold, w hilst 
con tact C was always an alloyed tin  do t. In each case , independent of the m a te r ia l 
used  fo r the con tacts, TSC m easu rem en ts  indicated the p resen ce  of the sam e band­
gap energy  le v e ls . The num ber of m easu red  trapping  c e n tre s , how ever, did appear to 
depend upon the type of contact, that is , upon w hether the contact(s) w ere  ohm ic, r e ­
v e rse  b iased  rectify ing , o r  forw ard  b iased  rectify ing . Subsequently i t  w as found tha t 
the sam ples which included a forw ard  b iased  rectify ing  contact (so that c a r r i e r s  w ere 
being in jected  into the im planted layer) gave re su lts  vh ich w ere not co nsisten t with 
the re s u lts  in which the o ther types of contact w ere used . T h ere fo re , e ith e r  two 
ohm ic con tacts (alloyed tin) o r one ohmic and one re v e rs e d  b ia sed  (evaporated gold) 
contact w ere  used throughout a s  in figure (3 .8(c)).
When using the geom etry  of fig u res  (3.8(a) and (b)) the leve ls  p resen t in the 
unim planted m a te ria l could be obtained by m easuring  e ith e r  a c ro s s  A -  C o r B -  C, 
w h ils t any additional lev e ls  produced by the im plantation could be m easu red  a c ro s s  A -B . 
With th is  geom etry , how ever, any h ig h -re s is tiv ity  bu ried  la y e r produced by the p ro ­
tons w as shunted by the low er bulk re s is ta n c e . In o rd e r  to en su re  that the c u rre n t 
paths w ere through the im planted reg ion  it was n e c e ssa ry  to e ith e r  m esa  etch  sam p les
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figure (3.8 (c) or im plant a c ro s s  the whole su rface  figure (3.8(d)).
The geom etry  of figu re  (3.8(d)) w as the one adopted fo r a ll fu rth e r im plan t­
ations as  it includes no fo rw ard  b iased  con tacts and the irra d ia tio n  can be a c ro ss  
the whole of the specim en s u r fa c e .
8 .4 .3 .  TSC appara tus
3 .4 .3 .x .  Vacuum equipm ent
A diffusion pump sy stem  exhausted a c ry o s ta t fo r th e rm ally  stim ulated  c u rre n t
w ork as  w ell a s  two o ther c ry o s ta ts  fo r H all and re s is tiv ity  m e a su re m e n ts . (See
photographs (3 ,9 , 3 .10 ). The ro ta ry  pump w as equipped with a phosphorus pentoxide
tra p  to p reven t oil and w ater vapour s tream in g  back, and a liquid n itrogen  trap  above the
diffusion pump serv ed  the sam e purpose, as w ell a s  inc reasin g  its  pimiping effic iency .
A typ ical w orking p re s su re  w as 5 x 10 ^ to r r .
3 „ 4 .3 .2 .  Specim en m ounting
Each sam ple was held on a thin alum inium  basep la te  w ith s ilv e r  conducting
pain t. This basep la te  w as e le c tr ic a lly  insu la ted , but not th e rm ally , from  the
c ry o s ta t 's  cold finger, by a  piece of sapphire  (aAl^O^). Gold probes w ere used
to m ake contact to the specim en; the c irc u it to the back contact being com pleted
via a gold fihn  evaporated  onto the sap p h ire . The probes w ere iso la ted  by thin
sh ee ts  of PT FE  and the connections taken out through PET sock e ts . A cold
shield  surrounded the sam ple, except fo r a sm all hole through which it  could be
illum inated . PTFE sleeving  w as used on a ll leads so that leakage c u rre n ts
“12to e a r th  w ere reduced to le ss  than 10 am ps. (See figure (3.11) and photograph 
(3.12)). To prevent w a te r vapour condensing on the specim en when cooling,a sm all 
am ount of pow er could be fed into the h ea te r  located in the cold f in g e r ,  so thg.t the' 
cold finger w as a few d eg rees  w arm er than its  su rro u n d in g s. Any w a te r vapour in 
the system, p re fe ren tia lly  condensed on the co lder a re a s .
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Specimen Mounting
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cold fingerquartz
window sapphire
/g o ld  probe
/  aluminium /thermocouplespecimen ^
optical
stimulation
pumping
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ptfe insulationheaterberylliumcopper
cold shieldpowersupply
air admittance 
valve
FigO.II )
Specimen Mounting ..
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+ evaporated gold
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Fig (3.12)
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~n~iermocoup[e Calibration Curve
thermocouple : Chrome!—Alumet 
..reference junction at 0°C
-Thermocouple
Millivolts
300150 200^ 250
Temperature °K 
Fig(3.13)
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Intensity/wavelength relationship of light so urce; _ , .. u s e c l i n l S C  experiments Relative -------------
. 1 0
0-8
0 6
0-4
0-2
Intensity
tungsten filament 
lamp
He/Ne laser 
6328 A
0 4j - 0 6  0 8
Wavelength
10 12 14  16 18  um
3-0 2.0 1.5 10 0.9 0 8 0.7 eV
Fig(3.l5)
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3 ,4 .3 ^ 3 ,
A sm all SOW h e a te r  In the cold finger, w as used to r a is e  the tem p era tu re  
a t a m axim um  ra te  of O .SV sec, U sually a ra te  of O .SVsec w as em ployed. A 
C hrom el-A lum el therm ocouple, which is  a lm ost lin ear over the te m p era tu re  range 
of in te re s t, figure (3,13) w as mounted on the sapphire block as  c lose to the sam ple 
a s  p ossib le . A second therm ocouple w as attached to the top of the cold fin g er. 
C rushed ice was used to provide the cold junction re fe ren ce  te m p e ra tu re . The 
output from  the specim en therm ocouple fed d ire c tly  into the x input of an Advance 
HR 2000 p lo tte r .
By reducing the p re s su re  over the liquid n itrogen , using a ro ta ry  pump, its
boiling point could be low ered from  77®K at a tm ospheric  p re s s u re  to 65“K at 
“310 to r r .  T his extension of the tem p era tu re  range w as useful in  c a se s  w here 
th e rm ally  stim ulated  c u rre n t peaks w ere  genera ted  in the range 77®K -  90°K. 
Because of the no n -lin ear heating ra te  in th is reg ion , energy  leve ls  appeared  
to be deeper in the band gap than they re a lly  w ere . This e r r o r  could be e lim i­
nated by s ta rtin g  the heating up p ro cess  from  a low er te m p e ra tu re .
3 .4 .3 .4 .  E le c tr ic a l c irc u it
I*' B attery  box
Sample
120V ,M0
G reat ca re  was taken to avoid un n ecessary  leakage c u rre n ts  a t every  point in
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the c irc u it. The b a tte ry  box was lined with PT FE  sheet and the v ariab le  
potentiom eter (IMf^ was a lso  mounted on P T F E , The leads to the specim en w ere 
kept as  sh o rt a s  possib le  and firm ly  secured  in place to avoid generating  charge 
by m ovem ent of the cab le . C u rren ts , m easured  with a K eithley Type 602 
e le c tro m e te r , could be in the p ico-am p ran g e . The voltage applied to the spec i­
m en w as continuously variab le  over 0 -  120 v o lts .
3 .4 .3 .5 .  Optical stim ulation
A quartz  window allowed specim ens to be irrad ia te d  e ith e r  with a tungsten 
filam ent bulb, the in tensity /w ave length re la tionsh ip  of which is  shown in  figure 
(3.15), o r with a H e/N e la s e r  (wavelength 6328"A).
3 .4 .4 .  C apacitance m easu rem en ts
3 .4 .4 .1 .  Introduction
C apacitance m easu rem en ts  w ere used extensively  in the w ork. C apacitance 
a s  a function of voltage e ith e r  using the no rm al C-V  techniques section  (3 .4 ,4 ,3 )  
o r Copeland section  (3 .4 .4 ,4 )  enabled the m ajo rity  c a r r ie r  concentration, in a 
reg ion  c lose to the sem iconductor su rface  to be de term ined . The v aria tio n  of the 
specim en capacitance as a function of m easuring  frequency (C-f) gave an ind ica­
tion of the num ber of deep levels  sec tio n (3 .4 .4 .5 ) w hilst the sam e capacitance as  
a function of tim e (C -  t), a f te r  changing from  forw ard to re v e rs e  b ia s, allowed 
som e of the deep level p ro p e rtie s  to be evaluated section  (3 .4 .4 .6 ) .
A nother a re a  in which capacitance m easu rem en ts  w ere used w as in 
determ in ing  the trapping  cen tre  concen trations in the TSC experim en ts  section  
(3 .4 .2 .5 . ) .
The following sections d iscu ss  each type of capacitance technique and d e s ­
c rib e  the re levan t ap p ara tu s . The final section  shows how the specim en cap ac i­
tance is  re la ted  to the m easu red  capacitance together with d e ta ils  of the capacitance 
b ridges used .
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Variation of the reverse breakdown voltage (Von) of 
GaP with doping concentration
1000.
(Volts)
100
10
X
Data taken from ref.(83)
s X
'•X.
X-
Doping concentration/cm^
1 0 i d ^  10'''^
Fig(3.161
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3 .4 .4 .2 .  Schottky b a r r ie r s
In every  case  it is  the capacitance of a m eta l/sem ico n d u c to r rec tify ing  
junction which is  being m e asu re d . The physics of such Schottky b a r r ie r ^ ^ ’ ^^ 
con tacts and th e ir  use in v arious capacitance techniques is  w ell docum ented in
the l i t e r a t u r e ^ A n  inheren t experim ental lim itation , how ever, re s u lts  from
avalanche m echanism s w ithin the sp ace-ch a rg e-lay e r of the te s t junction. Avalanche 
breakdow n lim its  the m axim im i voltage that can be applied to the junction, and 
th e re fo re , the region of the specim en which can be exam ined. This m axim um  
voltage not only lim its  C-V m easu rem en ts  but d e te rm in es  the m axim um
fixed b ia s  which can be applied w hilst C -f and C -t data is  being obtained. .
"V
The re v e rse  breakdow n voltage for an abrupt junction in GaP has
83been calcu la ted  by Sze and Gibbons to be
r  Ç E ^
V = (  ----  \BR  ^ 2qN ^
-3is  the donor doping concen tration  cm  .
is  the e le c tr ic  field at which breakdow n o c c u rs .
A s im ila r  exp ressio n  e x is ts  fo r p-type m a te r ia l. F igure  (3.16) shows 
Vr r  a s  a function of N ^ . T his th e o re tic a l curve, taken from  re fe ren ce  (83) 
is  the upper lim it for the breakdow n voltage. It is  low ered by su rface  leakage 
c u rre n ts , effects of any im planted reg ion , tunnelling and d ire c t field ionisation 
of c a r r i e r s .  The figure shows that capacitance techniques a re  m ost suitable for 
investigations of specim ens with doping concentrations < 5 x 10^^ cm
3 .4 .4 . 3. C apacitance -  Voltage m easu rem en ts  and appara tus
The re v e rs e  b ia s  (d .c .)  of a Schottky contact is  slowly inc reased  w hilst the 
capacitance of the junction is  m easured  by superim posing  an a .c .  signal on the 
steady d .c .  The am plitude of th is m easuring  signal is  kept a s  sm all a s  possib le
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■D.C. bias supply for the C-V apparatus
battery or pov/er supply
VR
R = Ik ohms 
VR= ÎOkohms 
L ' = 5H, 290 ohms
L R
   ""yvvvvV"
/ \
DVM
/  4'
specimen
Fig (3.17)
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(N 25 mV) so that the re su ltin g  m ovem ent of the depletion reg ion  is  le ss  than 6L ^ 
section  ( 4 ,3 .3 ,) .  M easurem ents a t high o r  low frequencies can be m ade section  
( 3 .4 .5 .2 , ,  3 .4 .5 .3 , ) .  The c irc u it for applying the d .c .  b ias  is  shown in figure 
(3.17).
Sam ples a re  held on an alum inium  base plate w ith s ilv e r  conducting paint, 
th e re  being a sm all d ep ress io n  into which the protruding tin  back contact f its . A 
gold probe m akes contact to a gold Schottky b a r r ie r .  This top contact is  1 .5m m  
in d iam ete r so lim iting  the edge capacitance (C^) to 0 .1  pf; a fac to r of 1% com pared 
to the sm alles t values m e asu re d . The whole assem bly  is  enclosed to elim inate  the 
effects of daylight. The m a jo rity  c a r r i e r  concentration can be determ ined  fro m  such 
C-V  m easu rem en ts , (see section  (4 .3)).
3 .4 .4 .4 .  Copeland m easu rem en ts  and appara tus
T his was built in the departm en t to a M illiard R esearch  L ab o ra to ries  design
based on the w ork of Copeland^^. The technique involves d riv ing  a Schottky b a r r ie r
diode with a sm all constant HF cu rren t; a few hundred m ic io am p s a t 5 ,7  MHz. At
th is operating frequency, c a r r i e r s  in trapp ing  levels down to approxim ately  0 .15 eV
below the conduction band w ill respond . The width of the depletion la y e r  (w) is  v aried
by changing the d .c .  b ia s , so that a profile  can be obtained by m onitoring the voltage
a c ro s s  the diode a t the fundam ental frequency, which is  proportional to the depth (w),
1and the second harm onic voltage which is  proportional to (the in v e rse  of the
c a r r ie r  concentration). When m easuring  GaP specim ens the sam ple holder 
is  covered to e lim inate  light e ffec ts .
The depth scale  can be ca lib ra ted  by rep lacing  the sam ple with cap ac ito rs  of 
known values since w = g A /C , A being the Schottky b a r r ie r  a re a .
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The concen tration  ax is  can be ca lib ra ted  in one of two w ays, e ith e r
a) specim ens of known concentration  values can be used to obtain re fe ren c e  points 
o r
b) the output voltage is  m easured  and knowing the tra n s fe r  c h a ra c te r is tic  of the 
p ro file r , is  re la ted  back to a concen tration  value.
Method (a) w as n o rm ally  em ployed. The Copeland appara tu s w as used to 
d eterm ine the high frequency c a r r i e r  concentration  of the m edium  and low r e s i s t ­
iv ity  Te-doped GaP ^nateria ls  in section (5 .4 .3 ) .
3 .4 .4 .5 .  C apacitance -  F requencv m easu rem en t and appara tus
Deep level E , eV th e rm al em issio n  ra te  e , d nd
Shallow ” E eV th e rm al em issio n  ensC apa­
citance P f "  ) . .  eqn (1)
experim ental
— theo re tica l
">
F igure  (3 .18).
The th e rm al em issio n  ra te  of a trapp ing  cen tre  is  in v e rse ly  p roportional
91to its  position in the band gap eqn (1). The d eeper the trap , the longer it  takes  
to em pty, o r fill a s  the case  m ight be . A shallow tra p  w ill be able, th e re fo re , to 
respond to a h igher frequency signal than a deeper one. F igu re  (3.18) (above) 
shows the frequency response  of a sem iconductor with a shallow  level a t E^ and a 
deep level a t E ^ . The deep trapping cen tre s  a re  able to respond at the low er f r e ­
quency and so contribute to the capacitance.
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The C“f m ethod was used to give an indication of the num ber of deep levels 
in the m edium  and low re s is tiv ity  Te-doped m a te ria ls  section  (5 .4 ,3 ) .
3 .4 .4 .6 .  C apacitance-tim e m easu rem en ts  and appara tus
The analysis  and theory  of C -t data is  d iscussed  in section  (4 .4). The 
m easu rem en ts  w ere m ade a t the M ullard R esearch  L ab o ra to ries  R edhill. Specim ens 
w ere  m ounted on tra n s is to r  h ead e rs  (T05) which w ere then attached to a c ry o s ta t 
cold finger. As the c ry o s ta t w as not equipped with a h ea te r and co n tro lle r  only a 
few fixed te m p era tu res  could be obtained. These w ere liquid n itrogen  77°K, liquid 
freon 246®K and in the reg ion  of 300°K i . e .  room  te m p e ra tu re . Sam ples w ere f ir s t  
forw ard  b iased  in o rd e r to fill any trapping  c en tre s , then the b ias  was re v e rse d  
instantaneously , that is  in le s s  than ljus. This ensu red  that only the shallow  levels 
would respond im m ediately . The change of capacitance with tim e was m easu red  
using a Boonton autom atic b ridge, the m easuring  frequency being 1592Hz (2-ff f=10^). 
By com paring the specim en capacitance with a standard  capacitance an accu racy  of 
b e tte r  than 0.1% could be obtained. R esu lts  w ere plotted on an X -t r e c o rd e r ,
3 .4 .5 .  C apacitance bridge m easu rem en ts  and b ridges
3 .4 .5 .1 .  B ridge m easu rem en ts
F igure  (3 .19 )(a) is  the e le c tr ic a l rep resen ta tio n  of a re v e rs e  b iased  m e ta l 
sem iconductor junction as shown in figure (3.19)(c). The depletion reg ion  is  
rep resen ted  as  a capacitance (C) and a re s is ta n c e  (R) in p a ra lle l . In s e r ie s  w ith 
these is  a re s is ta n c e  (R^) assoc ia ted  with the bulk of the m a te r ia l.  In the case  of low 
re s is tiv ity  m a te r ia l R^ «  R and R w ill determ ine the c u rre n t through the specim en 
under re v e rse  b ia s . The b ridge , how ever, m easu re s  a single capacitance Cm and 
a single conductance Gm figure (3.19)(b).
64
Specimen equivalent c irc u it for bridge m easu rem en ts
(a)
• C Cm
R
"— & / W W -
R =  ^ Rm  = 1Gm
— ^N/'v'X/Sy-’— ' - — —
(b)
(c)
R bulk re s is ta n c e  8
"R depletion re s is ta n c e  
C depletion capacitance
Cm m easu red  capacitance 
Rm m easu red  re s is ta n c e
F ig u re  (3.19)
D eery^^ expanding the w ork of Goodman^^ showed that
Gm
R (1+w^C^R^ )
R^ + 2RR + R  ^ (1+ w^C^R^) s s  '
and
Cm = CR
R^+2RR +R^ (1+w^C^R^)s s
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.. Bridge measurements as a function of frequency
10
10®
Hz
10
10
10'
G=2x10'" mho
e m
€=1.25 nF
-cm
10~® 10-5 , , 10-4 . 12 1.3
Gm&G, mho ' • ' jCmSC, nF
C&G= actual capacitance and conductance 
Cm&Gm=measured capacitance and conductance
Fig (3.201
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T h ree  sep a ra te  frequency reg ions can be considered  viz:
1) wCR «  1, R «  R then Gm ^  and C ^  C,’ s  -  R rn “
2) wCR »  1, R «  R , wCR «  1s s
2 2then G w C R and C C , m  — 8 m  —
3) w C R » l ,  R «  R , wCR »  1
S  8
1 1then Gm % and Cm
-  w^CR 2s
This m eans tha t a t high frequencies the m easu red  capacitance fa lls  w ith a 
~2slope proportional to w ,
1 2F u rth e r , a s  R is  independent of V, the slope of the ^  v e rsu s  V curve s Cm
1w ill not d iffer from  that of the ~  v e rsu s  V curve but the in te rcep t on the v o l-
1 ^tage ax is w ill. If the in te rcep t of is  (the apparen t b a r r ie r  height)
the actual b a r r ie r  height is  given by
dV . . . .  r e f .  (86)
The co rrec tio n  te rm  only becom es im portan t at high frequencies, 1 MHz and above, 
2due to its  w dependence.
17 ™3Take fo r exam ple a Schottky b a r r ie r  diode m ade from  2 x 1 0  cm  Te doped
m a te r ia l .  M easured values a re  R = 0 .6O ,R  = 8 x 1 0 'O , C "  1250 pf.
3Then wCR »  1, R^ « R ,  and wCR « 1  over the frequency range 10 Hz
7to 10 H z. F igure  (3.20) shows the values of Gm and Cm . Cm changes by 
le s s  than 0.1% over the to ta l frequency range w hilse Gm d iffe rs  apprec iab ly  from  
Gm above 10^ Hz,
8 .4 .5 .2 .  Low F requencv B ridge
A Wayne K err audio frequency signal g en era to r covering the range 
lOHz - 1 2 0  kHz in conjunction with the Wayne K err U n iversal bridge type B221
Transformer ratio-arm bridge
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and the STC 90616 se lec tive  null d e tec to r m ake up the sy stem .
87The bridge is  of the tra n s fo rm e r ra t io -a rm  type , figu re  (3 .21), At balance, 
w ith Zs adjusted  to give a null indication on the d e tec to r, the voltages a c ro s s  the 
unknown and the s tandard  a re  Ex and E s . The balance condition is
Zx Nx ^ nx Ns ns ZSp
In o rd e r to apply a  d .c .  b ia s  to the specim en the c irc u it of figure (3,17) w as
used .
3 .4 ,5 .3 .  High F requency  Bridge
This used a Wayne K e rr  SR 268 source  and d e tec to r covering  the range 
100kHz ~ 100 MHz, and a  Wayne K e rr  B602 bridge covering the range 15kHz -  5MHz. 
A ccuracy of the b ridge is  1% up to 3 MHz then  2% up to  5 M Hz, The sam e d .c ,  b ia s  
c irc u it w as used as fo r the low frequency b r id g e . To apply b ia s  to a specim en the 
sam ple had to be placed in s e r ie s  w ith two la rg e  c ap a c ito rs , one e ith e r side , in 
o rd e r  to iso la te  it ,  d . c .  w ise, com plete ly . Provided the capacfto rs  used w ere  fa r  
la rg e r  in value than that of the specim en, the change in m easu red  capacitance v aried  
little  from  the actual capacitance of the specim en .
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C hapter 4 
THEORY
4 .1  N om enclature
4 .1 .1 .  TSC theory  
A Specim en o r junction a re a
j3 heating ra te
6 cap ture coefficient of an em pty tra p  fo r a free  charge c a r r i e r
E e le c tr ic  field
E p  energy  level value of the F e rm i level
E ^  m ean value of a n o rm al (Gaussian) d istribu tion  of energy  level v a lu es ,
e^  ^ therm gd em issio n  ra te  of a c a r r i e r  from  a trapp ing  cen tre
E ^  energy  level value of trapp ing  ce n tre s  (either below the conduction
band o r  above the valence band).
AE^ s tandard  deviation of a n o rm al (Gaussian) d is trib u tio n  of energy  levels,
f density  of recom bination  c e n tre s
y  cap tu re  coefficient of recom bination
h density  of f re e  charge c a r r i e r s
H density  of trapp ing  c e n tre s
I specim en c u rre n t
k B oltzm ann’s constan t (8.63 X 10 *^eV/‘‘K)
H c a r r i e r  m obility
n . density  of trapped  charge c a r r i e r s
n^ density  of c a r r i e r s  in the conduction band
effective density  of s ta te s  in the conduction band 
n^ in itia l density  of trapped  c a r r ie r s
N ^ density  of trapp ing  c e n tre s  having an energy  lev e l value of E^,.
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q e lec tro n ic  charge
cap tu re  c ro s s -se c tio n  of a  tra p  (energy level value E ^ ) fo r a f re e  
c a r r i e r
T recombination lifetime
t time
T temperature
T te m p era tu re  a t which the c u rre n t m axim um  occursm
in itia l (or low er) te m p era tu re
T . te m p era tu re  a t which the TSC peak is  one half of its  m axim um2
height on the low te m p era tu re  side
4 .1 .2 .  C -V  and C -t theory
A a re a  of m e ta l/sem ico n d u c to r junction
C capacitance
C^ edge capacitance
C^ capacitance a t tim e t = 0
C^ capacitance a t tim e t > 0
C ^  value of capacitance a s  t  becom es very  la rg e
“o p erm ittiv ity  of free  space
re la tiv e  p erm ittiv ity  
energy  level value of the F e rm i level 
e^ th e rm al em ission  ra te  of the nth level
E^n energy  level value of the nth level
Debye length
concen tration  of accep to r trapping cen tre s  
concen tration  of donor trapp ing  cen tre s  
Nj concen tration  of ionized im purity  c e n tre s
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N^n concentration  of trapping  cen tre s  a t the nth level
^ to t to ta l num ber of trapp ing  cen tre s
n(w) local concen tration  of m obile m ajo rity  c a r r i e r s  a t the space charge
la y e r edge, 
t  tim e
V applied re v e rs e  b ias  voltage
diffusion voltage 
w depletion reg ion  width
y p e r im e te r  of the con tact,
4 ,1 ,3 .  Range Theory
a  screen ing  length of the T h o m as-F e rm i potential
-9a^  Bohr rad iu s  (5.29 x 10 cm)
e e lec tron ic  charge
g d im ension less  energy  p a ra m e te r  (LSS)
E p a rtic le  energy
E d isp lacem ent energy  ; /•d . ^
E . R ydberg energyR
E m ean re c o il energy
m  m a ss  of an atom  (Northcliffe and Schilling)
Mg m a ss  of p ro jec tile  and ta rg e t atom s (LSS),
N num ber of atom s p e r unit volume
average atom  concentration  
N(D) im planted dose
N(E) num ber of d isplaced atom s produced by a  p a rtic le  of energy  E
p d im ension less range p a ram e te r  (LSS)
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r  d istance from  the nucleus
R range
Hp p ro jec ted  range
AHp roo t m ean square fluctuation in the range
O'P p rim a ry  co llision  c ro s s -se c tio n
Se e lec tron ic  stopping c ro s s -se c tio n  (LSS)
Sn n u c lea r stopping c ro s s -se c tio n  (LSS)
V velocity of the particle
V(r) interatomic potential
Z^, Zg atom ic num ber of p ro jec tile  and ta rg e t a tom s
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4 .2 ______T herm ally  Stim ulated C u rren t Theory
4 .2 .1 .  ' Introduction
The theory  re la tin g  to the the rm ally  stim ulated  c u rre n t (TSC) experim en t,
outlined in  section  (3 .4 .2 .)  w ill now be exam ined in  d e ta il. The basic  equations
88as derived  by R andall and W ilkins fo r the case  of no re -tra p p in g , and by G ar lick  
89and Gibson fo r the case  w here th e re  is  som e re -tra p p in g , a re  p re sen te d . By 
m aking su itable m athem atical approxim ations th ese  equations can be solved to obtain 
the following trapp ing  cen tre  p ro p e rtie s  :-
i) an energy  level value
ii) a cap ture c ro s s -se c tio n
ill) the concen tration  of trapp ing  c e n tre s .
h i som e o ases  the v aria tion  of the capture c ro s s -se c tio n  w ith tem p era tu re  
can a lso  be determ ined  using the analysis  of Keating^
Both Randall and W ilkins and G arlick  and Gibson assum e tha t the tra p s  
produce d isc re te  energy  le v e ls . F o r  high concentrations of defec ts th is  m ay not 
be the c a s e . I expanded the th e o rie s , th e re fo re , to include bands of lev e ls  w here 
each  band w as assum ed to have a G aussian  in tensity  d is tribu tion  cen tred  about i ts  
m ean v a lu e . T his expansion w as used (section (6 .3 .1 .2 .) )  to  d e term in e  the 
b read th  of the energy  leve ls  as  a function of proton d o se .
4 .2 .2 ,  D erivation  of the basic  equations
4 ,2 ,2 ,1 ,  G eneral
Bandgap_figime for ,gen era l TSC th eo ry .
a t tem p era tu re  T a t te m p era tu re  T^
Fig, (4.1)
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Suppose a specim en, doped n-type, has a density  of e lec tro n  tra p s  at an 
energy  level (eV) below the conduction band, and that at som e te m p era tu re  T 
the F e rm i level lie s  below th is  energy  level a t E ^ (eV ), F ig . (4 .1 ). Then in  o rd e r 
to obtain the th e rm ally  s tim ulated  c u rre n t (TSC) curve the specim en is  f ir s t  
cooled to a  tem p era tu re  T^ (T^ <<T) and the trapping  cen tre s  filled  by optical 
stim ulation  o r su itable b ia sin g . The num ber of fu ll c e n tre s  p e r unit volum e w ill 
be n^ w here n^ < E ^  now lie s  above E ^ .  The specim en is  then heated  up, at
a constant ra te  p d e g /se c , to the o rig inal tem p era tu re  T and any c a r r i e r s  r e ­
leased  into the conduction band a re  m easu red  as  a change in c u rre n t section  
( 3 .4 .2 ,2 , ) .The re su ltin g  c u rre n t/te m p e ra tu re  re la tionsh ip  can be analysed  to 
obtain inform ation about the t r a p s .  At a fixed te m p era tu re  T , the ra te  of change 
of density  of trapped c a r r ie r s  is
^  \  + 6h  (H-n) eqn. (1)
-ne^  being the ra te  of em issio n  of c a r r ie r s  
; •
and bh  (H-n) being the ra te  of cap tu re  of c a r r i e r s  
w here e^  = th e rm al em iss io n  ra te  of c a r r i e r s  from  the tra p
n = density  of trapped  charge c a r r ie r s
h = density  of free  charge c a r r ie r s
H = density  of trapping  cen tre s
and g = cap tu re  coefficien t of an em pty trap  fo r a free  cliarge c a r r i e r .
S im ila rly , the ra te  cf change of density  of free  charge c a r r i e r s  i s : -
dT ~ ^ -  n) -  y h f  eqn. (2)
the la s t te rm  ( -yhf) taking into account the effect of recom bination  ce n tre s  
w here y ~  cap tu re  coefficient of recom bination , 
and f -  density  of recom bination c e n tre s .
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The th e rm al em issio n  ra te  (e^ )^ of e lec tro n s  from  the tra p  is  given b y ;- 
©n = Nc < V > exp ( -  —  ) re f .  (91)
T here a re  too m any unknowns in eqns. (1) and (2) to  be able to in teg ra te  
them  (with re s p e c t to tim e and tem pera tu re) to solve fo r the v a ria b les  in which we 
a re  p a rticu la rly  in te re s te d , nam ely and S ^ . The m o re  lim ited  c a s e s , th e re ­
fo re , of n o -re tra p p in g  and re -tra p p in g  in  the p resen ce  of recom bination  c e n tre s , 
have to be co nsidered .
4 , 2 . 2 , 2 ,  No re - tra p p in g  (Randall and W ilkins equation)
88T his case  h as  been considered  in d e ta il by R andall and W ilkins , They 
assum e that the num ber of free  c a r r i e r s  is  sm all com pared  to the num ber of 
trapped  c a r r i e r s ,  and rem a in s  so , i . e .  h  «  n  and ““  «  ^
The cap tu re  te rm  of eqn (1) is  th e re fo re  ze ro  and
•mTTdn T-  = ~ n N ^ < v > S ^ e x p (  — ).
These th e o re tic a l co n s tra in ts  im ply tha t only re s u lts  obtained from  se m i-  
insu la ting  m a te r ia l,  o r the depletion reg ion  of re v e rse d -b ia se d  junctions, can 
be analysed in th is  w ay.
Now if  the tem p era tu re  of the specim en is  changing in  a lin ea r  fashion 
such that
then equation (1) becom es
Edn T dT-  = - N ^ < v > S ^ e x p  ^
In tegrating  over the te m p era tu re  range T -> T
-N ^ <v> 
n = exp ( ----------
o
r T  -E
exp ( —  ) dT)
To
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T
• “ texp (“ —  ) dT). _  .  —  e x p ( - ~   --------
O
Now the density  of c a r r ie r s  in the conduction band (n^) w ill change w ith tim e as:-
dn -n c   c _ dn
dt T dt
it  being assum ed that any recom bination  p ro cesse s  can be d esc rib ed  by a te rm  
~n
 , tliat is  th e re  ex is ts  a constant recom bination lifetim e t. If th is  life tim e
dn^ n^
is  very  sho rt such tha t -r— «  —  then n  = - t t t  •dt T c dt
dTA s d t = — ,
_ dn 
“ o “  ■ d î
Substituting fo r ^
< " k T  P  e x p ( - —^ ) d T ) .
F o r se v e ra l (i) energy  levels with en e rg ies  E ^ . and cap tu re  c ro s s -se c tio n s  S ^ .,
^Ti ^c ^Tin =S .A . exp ( ^ T ie x p ( - — ) d T ) .
J ir  i '  kT p
The density  of c a r r ie r s  in the conduction band can, th e re fo re , be ex p ressed  in 
te rm s  of som e of the p ro p e rtie s  (E ^ , 8^) of the trapping  c e n tre s  in the bandgap 
and in te rm s  of the absolute te m p e ra tu re ,
It is  convenient to re la te  the c a r r i e r  density  e ith e r  to the specim en con­
ductiv ity  or to the specim en c u r re n t . Consequently, any change in  te m p era tu re ,
assum ing p  is s l constan t, w ill produce a change in specim en c u rre n t such that
-E t  <v> 8 r  T -E
I = C exp ( -------— —  exp ( —  ) dT) eqn. (3)
J
w here C -  AEq^Lt^n N <v>o c T
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A is  the specim en, o r junction a re a  
E is  the e le c tr ic  field a c ro ss  the specim en 
and jLi the m obility  of c a r r i e r s .
The g en era l fo rm  of equation (3) is  imown a s  R andall and W ilkins 
88equation ,
4 .2 .2 .3 .  Some re - tra p p in g  (G arlick  and Gibsons Equation)
T his ana ly sis  w as proposed by G arlick  and G ibson^^. They a lso  m ake
the assum ption that the num ber of free  c a r r ie r s  is  sm all com pared to the num ber
of trapped  c a r r i e r s  but they provide fo r the possib ility  of re - tra p p in g  by assum ing
that th e re  a re  recom bination  c e n tre s  p re se n t. If, the density  of recom bination
c en tre s  is  assum ed  to  be the sam e a s  the density  of trapped c a r r i e r s ,  i . e .  each
has density  n, then the p robab ility  tha t an escaping c a r r i e r  w ill not be re - tra p p e d
is  ~  and eqn, (1) is  m odified so that ^  “ n ( ~  ) e .il 0.1/ xi H
Proceed ing  in the sam e w as a s  R andall and W ilkins they obtained 
 c exp (-^ T /k T )___________
The problem  of finding a value fo r E ^  and 8.^ now reduces to  that of solving 
e ith e r  eqn (3) o r eqn (4) for th ese  v a r ia b le s .
4 .2 .8 .  Solutions to the basic  equations
N icholas and Woods^^ d iscu ss  the m o st w idely used m ethods fo r obtaining 
a solution of equation (3) o r (4). M ost involve fu rth e r approxim ations o r  assu m p ­
tions, usually  of a m athem atica l n a tu re . Some of those exam ined w e re :-
931 . G ro ssw e in e r’s m ethod
2. H eating ra te  m ethod
893. In itial r is e  m ethod
944 . N um erical (com puter) m ethods
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Methods (1) and (2) a re  lim ited  In th e ir  application e ith e r  by m athem atica l
o r experim en tal c o n s tr a in ts  and can only  be used where th e re  i s  no r e - t r a p p in g .
M ethods (3) and (4), how ever, a re  independent of the trapping  k in e tic s . A ll the
m ethods allow an energy  level value to be obtained. In addition m ethod (2) can
provide inform ation on the size  of the tra p  capture c ro s s -se c tio n  and m ethod (4)
the size of the trap  cap ture c ro s s -se c tio n  and the trapp ing  cen tre  concen tra tion .
Because this la s t  m ethod provides the g re a te s t am ount of inform ation , it w as used
throughout, except fo r the analysis  of TSC cu rves obtained when the trapping
cen tre  concentration  was very  sm all o r  the c en tre s  w ere empty. In these c a se s
a  c u rre n t peak is  not produced and the in itia l r is e  m ethod has to be em ployed.
934 .2 .3 .1 .  G ro ssw ein er’s m ethod
By sim plifying Randall and W ilkins equation, (eqn (3)), and th e re fo re , 
assum ing  no re -tra p p in g  G rossw einer obtained:-
„  _ 1 .51k  Tm T i
T (Tm -  T i)
2
w here Tm  -  peak tem p era tu re
T i -  tem p era tu re  a t which the curve is  one half its  peak height on the 
2
low tem p era tu re  side 
provided E ^ /k T  >20
and • - -  >10
The f ir s t  co n stra in t m eans the m ethod is  only suitable fo r tra p s  deeper than
O .lSeV.
75 (4 .2 .3 .2 .  H eating -ra te  m ethod ^
The m ethod involves m easu ring  the TSC curve of a specim en at various 
heating r a te s  (j8). The te m p era tu re s  a t which the cu rre n t peaks occur (T ^ ) w ill 
then be sh ifted . The d isadvantages of the technique a re  f irs tly , the m any TSC curves
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which have to be obtained, and secondly the difficulty of separa ting  closely
spaced energy  levels , and th e re fo re , of obtaining values for E ^ .
D ifferen tiating  eqn. (3) (and so assum ing  no re trapp ing) to find the
conditions fo r  a c u rre n t m axim um  yields
N <v> S kT ^
exp (E ^ /k T ^ )  =
This m ay be re -w ritte n  as
log ( - f -  ) = -  log ■ )
m  T
’ *^m^ 1Plotting log(—' ^ )  a s  a function of ~  y ie lds a s tra ig h t line of slope E ^ /k
m
and hence a value fo r E ^ , while the in tercep t on the y -ax is  can be used to find 
a  value fo r 8,^.
4 .2 .3 .3 .  In it ia l- r is e  m ethod^^
The m ethod depends on the fact that when the tra p s  begin to em pty a s  the
•tem perature is  ra is e d , the in teg ra ls  in eqn (3) and (4), a re  sm all and so
®T1 = 1^ exp ( -  ), w here is  a constan t.
T h is m eans th a t only the in itia l portion  of the curve need be m e asu re d ,
TSC cu rv es  obtained from  specim ens w here th e re  was no d is tin c t c u rre n t 
peak, i , e .  when the trapp ing  cen tre  concen tration  w as sm all o r  the tra p s  w ere  
em pty, w ere analysed in th is  way (section ( 5 .4 ,4 .2 .) ) .
4 .2 .3 .4 .  N iunerical (com puter)m ethods
One such m ethod, due to Chen and M ohan^^, w as that adopted for the 
analy sis  of the TSC c u rv e s . The in teg ra l te rm  in eqn (3) cah be ex p ressed  as  
an asym ptotic s e r ie s
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/• E -E  I/ T T T kT n n-1 Ie x p ( -  - ) d T . T e x p (  -  M )  % !
By using Just the f i r s t  two te rm s  of th is  s e r ie s ,  a good approxim ation to eqn (3) 
can be obtained, v iz .
®T ^ T  kT 2I N C exp ( -  —  -  B exp ( - — ) . (  g-) )
w here
N <v>S E 
® "  pk
E t  E ^  3 E,J.
B can be approxim ated by B ™ exp ( " (( ) / (  " ^  +2))
The b es t fit theo re tica l curve can then be m atched to an experim en tal cu rve , 
w ith E,^ a s  the v a ria b le . The advantages of fitting the whole curve in th is  way 
a re  that one can obtain
a) a value fo r E ^
b) a value fo r the a re a  under the cu rve, and so the num ber of trapping
c en tre s  a t any lev e l. The m ethod is  p a rticu la rly  useful, w here
only the low tem p era tu re  side of the peak is  available experim entally , » 
m ost of the peak on the high tem p era tu re  side not being reco rd ed  due to 
th e rm al quenching.
c) a value fo r the cap tu re  c ro s s -se c tio n  of the trap
d) the p ro p e rtie s  of shallow er trapp ing  levels  than is  possib le by o ther
m ethods, p a rtic u la rly  G ro ssw e in e r 's .
S im ilar n um erica l m ethods can be used to obtain the b es t fit values to cu rv es  
of the form  of equation (4). In p rac tice  the usual method was to obtain a b e s t 
fit to the experim ental cu rve , f i r s t  excluding re -tra p p in g  i.e.,, using equation 
(3), and then with re - tra p p in g  using equation (4). A m e asu re  of the c lo seness 
of each  fit w as then calcu la ted  by sum m ing the sq u ares  of the d iffe rences betw een
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the experim ental points and the corresponding  th eo re tica l va lues. The sam e 
c rite r io n  a s  used by Chen and Mohan fo r determ ining  was then applied, i . e .  
the c lo se r  fit, (the sm a lle r  to ta l d ifference), indicated the value of E,^, as  w ell as 
showing w hether re -tra p p in g  needed to be taken into account fo r the cen tre s  con­
cern ed .
F o r these  re a so n s , the m ethod was used fo r the analy sis  of a ll TSC cu rv es  
w here d is tin c t c u rre n t peaks w ere obtained.
4 .2 .4  K eating 's analysis
In the deriva tion  of eqn (3), it  is  assum ed that 8^<v> is  independent
of te m p e ra tu re . But a  T^^^ and <v> a  T^« Keating^^ takes N ^8^ <v> to be
b —a bproportional to T and 8 ^  o; T w here a  = 2 -b . If N^S^<v> = GT then equation
(3) b eco m es:-
b ^ T  I ^  GT^ ^ TI = DGT e x p ( - —  -  j  —  G x p ( -  — ) dT)  . e q n  (5)
J
The C of eqn (3) being rep laced  by DGT^.
Using the asym ptotic s e r ie s
TT b ^ T  kT^^^ ^ TT exp (- —  ) dT .  ( l - „ ) e x p ( - - - )
w here
(b+2) kT
equation (5) becom es, tak ing  the log
( ^ )  = ^  -  b In T + ( Y  )(1 -  V)
E
" " " r  '
8 2
In the two o ases  w here I -  — ^  at te m p era tu re s  T and T If
Tm -  , T 3  -
“ i = T ;  . a n d « 2 =  —m  m
then
bkT bkT
(1 -  77) (1 + ) + In  2 = “ 0 -  b In (1 + X) + (1-i-x) ^ (1+ eqn (6)
T T
w here
X = -  o r (Kg
, , ' x0 (kT ' 1 + X ' m
Provided a value fo r E is  known, equation (6) can be solved num erica lly
E t
to  obtain a value fo r  b , and provided “  > 10, the use of the asym ptotic s e r ie s
m
fo r the in teg ra l te rm  in troduces an e r r o r  of le s s  than 3%. A com puter p rog ram  
w as w ritten  to obtain values of b from  experim en tal d a ta .
4 .2 .5 .  D istributed energy  levels
Both R andall and W ilkins and G arlick  and Gibson assum e that the trapping  
cen tre  energy  levels a re  d is c re te .  F o r  a  highly doped sem iconductor, how ever, 
th is  w ill not be the c a se . As the donor, o r  accep to r, concen tration  in c re a se s  
the asso c ia ted  energy  level b roadens,even tua lly  overlapping the conduction, (or 
valence)band. This overlapping produces the so -ca lled  band ta i ls .  The b road  
energy  level d is trib u tio n  is , in  m o st c a se s , a no rm al (Gaussian) d is trib u tio n .
The im plantation of pro tons re s u lts  in high dam age cen tre  concen trations a t
the end of the proton ra n g e . If each pro ton  c re a te s  one vacancy then a  dose of
15 2 19 310 /c m  w ill produce an average vacancy concentration  of 8 x  10 /c m  ,- (using
the form ula given in section  ( 4 .5 ,9 .) .  T his is  sufficient to cause energy  level
broadening of ten ths of an eV. I m odified the basic  th e o rie s , th e re fo re , to
include G aussian  d is trib u ted  energy  levels and applied  the new an a ly sis  to the
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TSC cu rves obtained a fte r  specim ens had been im planted with proton doses in the
13 15 2range 10 -  10 ' /c m  , section  (6 ,3 .1 .2 .) ,,
If N Is the to ta l num ber of trapp ing  cen tres  In a G aussian  d is tribu tion  of
energy  levels , cen tred  on w ith a s tandard  deviation of
t
E
D istribu ted  energy  level
m
N(E) DE ---- >
T
(Fig. 4 .2 )
then
+ 00 “ (E “ E)
N = M Ï exp ( — —  -------) dE■/. 00
w here M is  a no rm aliza tion  constan t. If the d istribu tion  is  approxim ately  
6 A E ^  wide, then & ndall and W ilkins equation becom es
I=C T
exp ( E ®TkT
exp (- ^  ) dT) dE eqn. (7)
and G arlic lj and Gibsons equation b eco m es:-
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■d1 The variation of current peak shape with10 p 'breadth of energy level
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85
I = c
(E ^  -  E)2 exp ( g  ) 
exp ( -   - I T  ) “ ■
2 & E , H [l+ H/3
V  -
exp ( ^  ) dT ]^) dE
(eqn, 8)
In e ith e r  case  if a value of E is  known, then the b read th  of the level can be c a i­rn
culated  using a cu rv e-fittin g  p ro g ram .
F ig u re  (4.3) shows how the TSC peak changes fo r a level, assum ed  d is c re te ,
1 ,0  eV below the conduction band a s  it broadens in en ergy . The TSC peaks obtained 
from  the d is trib u ted  level appear, if they a re  analysed using eqn (3), to be c lo se r  
to the conduction band than is  actually  the c a s e . F o r  exam ple, if the l,O eV  level 
i s  0 .04 eV in w idth, i t  would re s u lt  in a  d isc re te  E ^  value of 0 ,1  eV ,
4 .2 .6 .  Sum m ary
A nalytical ex p ress io n s  fo r the analysis  of TSC cu rves have been derived  by 
R andall and W ilkins fo r the case  of no re -tra p p in g , and by G arlick  and Gibson in 
ca se s  w here th e re  is  som e re - tra p p in g . T hese b asic  equations can be solved 
using a curve fitting p rog ram , s im ila r  to  th a t of Chen and Mohan, to obtain the 
following trapp ing  cen tre  p ro p e r tie s :-
1 . the energy  level value
2 . the size  of the cap tu re  c ro s s -se c tio n
3. and the trapp ing  cen tre  concen tra tion .
The v aria tion  of the cap tu re  c ro s s -se c tio n  with tem p era tu re  can a lso
be obtained using K eating 's  an a ly sis , provided there  is  no re -tra p p in g  and the
. /
energy  level position is  known. The basic  th eo ries  have been expanded so that 
the energy  level w idth can be de term ined  from  TSC c u rre n t peaks. It is  assum ed
1
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tha t as  the dam age cen tre  concen tration  in c re a se s , the asso c ia ted  energy  level 
b roadens out in the fo rm  of a G aussian d is trib u tio n .
4 .8  C -  V Theory
4 .3 .1 .  Introduction
C-V m easu rem en ts  on re v e rs e  b iased  m eta l/sem ico n d u c to r junctions w ere  
used to m easu re  the m a jo rity  c a r r i e r  concentration  of specim ens before and 
a fte r  bom bardm ent (see section  (5 .4 .3 .) ) .  The basic  theory  and the assum ptions 
which a re  m ade a re  outlined in the following sec tion . It is  shown that the la rg e s t 
e r r o r  involved, in such m e asu re m en ts , is  in the uncertain ty  in the width of the 
depletion reg io n , C-V  m easu rem en ts  a t d ifferen t frequencies  w ere used to give 
an indication of the p resence  of deep levels in section  (5 .4 .3 .) ,
4 .3 .2 .  B asic  T heory
The sm all s ignal capacitance C of a re v e rse  b iased  p ~ n junction a r is e s  
from  the charge c ircu la tin g  w ithin the ex te rn a l b iasing  c irc u it due to an in c re ­
m ental change of applied b ias  (dV),
1I . e .  C = ^  j  i(t) dt
The m agnitude of the charge is  dependent upon the quantity of m obile 
e lec tro n s  e ith e r  rem oved o r added, due to a change in the space charge lay er 
w idth. This quantity of m obile e lec tro n s  is  n(w) dw w here n(w) is  the local con­
cen tra tion  of m obile e lec tro n s  a t the space charge la y e r edge and dw is  the 
change in the space charge lay e r w idth due to the application of dV.
Consequently
1 d^  “ dV I i (t) d t = qn (w) ^  Ao
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I-V characteristics of Schotiky barriers mndp on proton implanted and unitnptanied GaP
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Now as
s
- m  -  -  ^ I
1A
as
d(C." 5  2 dg
dV 3 dV
n(w) = .3  , 1  ,
95 96which, is  the n o rm al C -  V equation '
Note that n(w) is  the m a jo rity  c a r r i e r  concentration  and not the Im purity  
c a r r i e r  concen tration .
The assum ptions that have been m ade a r e : -
i) one side of the junction is  doped to an im purity  concentration  
which is  sev e ra l o rd e rs  of m agnitude g re a te r  than the o ther s id e .
In Schottky b a r r ie r s  th is is  the case , the depletion reg ion  then 
being alm ost com pletely in the low doped sid e ,
ii) the space-ch a rg e  reg ion
a) contains no m obile c a r r i e r s ,  i . e .  n(w) = 0,
T his is  a valid assum ption  provided that the e le c tr ic  fie ld  a c ro s s
Qthe depletion reg ion  is  sufficien tly  high, i . e .  g re a te r  than 10 V /cm .
b) is  free  from  recom bination
C om parison of the I-V  c h a ra c te r is tic s  of un im planted and im planted 
specim ens shows (figure (4,4)) that th is is  not the c a s e . R adiation
dam age produces recom bination  cen tre s  which low er n(w),
'c) te rm in a te s  abrup tly .
The depletion reg ion , how ever, te rm in a te s  in a d istance app rox i-
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m ately  6 L ^  w here is  the ex trin s ic  Debye length defined as
• %  % h
w here N = o r N ^ .
The am plitude of the m easu ring  signal should be le ss  than k T /q
£^25 mV to en su re  that the m odulation of the edge of the la y e r does not
exceed It is  a lso  seen  that the h igher the doping concen tration
the sm a lle r  L ^ , F igure  (4,5) plots v e rsu s  N fo r G aP. F o r
17 -3exam ple, fo r a specim en doping concen tration  of 3 x 10 cm  
" is  60°A. F o r  a typical depletion reg ion  width of 2000°A, the u n ce r­
ta in ty  in w is  + 10%. The varia tion  of w ith te m p era tu re  is  shown 
in figu re  (4 .6). The low er the te m p era tu re , the sm a lle r
iii) the d ie le c tr ic  constant ^  ^  rem ain s  the sam e fo r im planted and 
unim planted sp ec im ens. At the frequencies a t which m e a su re ­
m ents have been c a r r ie d  out, th is  is  the c a se ,
iv) edge capacitance is  neg lig ib le ,
86Goodman has derived  the exp ress ion  fo r the edge capacitance 
a s  ^  ^  iT y /2  w here y is  the p e rim e te r  of the con tact.
F o r  Schottky b a r r ie r s  of 1 .5  m m  d iam ete r, which w ere used 
throughout, C O .lp f which is  le s s  than 1% of the sm a lle s t 
• capacitance value m e asu re d ,
v) a ll the deep levels have responded.
The case  w here deep levels a re  p resen t is  d iscussed  in section  
(4 , 4 , 2 , ) .  T h ere fo re  the la rg e s t uncertain ty  incapacitance m e a su re ­
m ents is  in the definition of the space charge layer width provided A 
is known accu ra te ly  and the num ber of recom bination c en tre s  is  sm all.
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4 .4  C-t Theory
4 .4 .1 .  Introduction
In the above d iscu ssio n  of C-V  m easu rem en ts  it  has  been assum ed  that a t each  
voltage change dV a ll the im purity  levels  respond im m ediately , im plying that only 
shallow  donors o r accep to rs  a re  p re se n t. In the case  w here deep leve ls  a re  p re ­
sen t, the instan taneous application of a la rg e  re v e rs e  b ias  w ill extend the depletion 
reg ion  to a width which depends upon the ionized shallow le v e ls . At any given tim e 
la te r ,  how ever, some frac tion  of the deep tra p s  w ill have responded and. the d ep le ­
tion region w ill have m oved.
By m easu ring  the capacitance a s  a  function of tim e (C -  t), at d ifferen t 
te m p e ra tu re s , the energy  level values, th e rm al em ission  ra te s  and trapping  
cen tre  concen trations of som e of the deep tra p s  can be d e term ined . The an a ly sis , 
p resen ted  in the following section , is  by W ronski^^. He assu m es tha t a t any given 
te m p era tu re  the em ission  of c a r r i e r s  is  predom inantly  from  only one level
i . e .  e <Ke < < e  The num ber of levels contribu ting  to any one
H  XX 1  xx***^
c -t  curve is  found by g raph ical techniques.
4 .4 .2 .  B asic theorv  (due to  W ronski)
Suppose we have a s e r ie s  of deep trapp ing  leve ls  c h a ra c te rise d  by
-  the num ber of trapp ing  c e n tre s
-  the energy  of the level below the conduction band 
e^  -  the th e rm al em ission  ra te  for the tra p .
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Bandgap figure for C - t  theorv
E
O ' --------
^ t n ’ ^ tn ’ %  
tn-1 tu -1 ' ®n-l
E
EV
F ig . (4.7)
a t tim e  t, the net concen tration  of ionized im purity  c e n tre s  w ill be
Nj = (Njj -  N ^) + (1 -  exp (-e^t)) + (1 -  exp . .
at t = 0
c  2 -  Vo 2(Vd-V)
a t t = CD
.2
2 ^ ^r ^o
^00 = [ (Nd -  V  + + •••: .
if  e^_^ then for la rg e  t we have
a2
2 ®o
“  2(Vd-V) f  '* ^ tn  * ^ ^ tn -1  ' " ' I
R earrang ing  th is  exp ress io n  g iv e s:-
“ 2(Vd-V) 2(Vd-V) *'^tn \ i - l  • • • '
■  " I W )  • ^ tn  <- ®n‘>
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^ t o t  ^ t n  ^ t n - 2 ----------
then C J  -  C / = N^ot
and c /  = c /  + ( C j  -  c / )  -  exp (-e^t)
rea rran g in g  
00 o
C ^ N
00 o
thus if In { -------------    ) is  plotted as  a function of t the in te rcep t gives
C -  C00 o
^ n-In ( - —  ), and hence and the g rad ien t gives e^ (ref. 58), 
tot
S im ilarly  if e ' < e _ thenn - l  n -2
“ " t r  ’00 o 
and so on.
A value for E m ay now be obtained by making capacitance-tim e m e a su re -
- ’^ tnm en ts  a t d ifferen t te m p e ra tu re s . As e = N <v> 8^  exp ( ",” ) so thatn c 1 1
tnIn (e^) = -  <v> any plot of In (e^ )^ a s  a function of 1 /T
is  a s tra ig h t line w ith a g rad ien t of . The g rad ien t, th e re fo re , yields a value
fo r E^^. Again th is  assu m es that N , <v> and 8 ^  do not v a ry  with te m p e ra tu re . 
A lterna tive ly  a b es t fit plot to  a curve of the form
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E
= GT exp ( -  ) could be used.
w here b > 0
As <v> is  p roportional to T^, if 8^  ^ does not vary  w ith tem p era tu re  then
b = 2 .
4 .5  Range T heorv
4 .5 .1 .  Introduction
99The genera l range theory  of L indhard, Schij^tt and Scharf (LSS) is  
p re sen te d . T h e ir p red ic tions of the heavy ion ranges in compound sem i­
conductors a re  found to be in good ag reem en t with experim ental r e s u l ts .  F o r 
light ions, Z < 10, how ever, th e ir  theo ry  se rio u s ly  o v e res tim a tes  the extent of 
the e la s tic  co llis ions, in consequence of which the range is  se rio u s ly  u n d e re s ti­
m ated . C alculations by J .  F .  Janni^^^ and N orthcliffe and Schilling p red ic t 
proton ranges fo r en e rg ies  > 100 keV with b e tte r  accu racy .
In the case  of light ions m ost of the n u clear energy  loss  o ccu rs close 
to the ion ra n g e . If it is  assum ed that only the e la s tic  co llis ions produce 
atom ic d isp lacem ents then the dam age and ion ranges (and profiles) w ill be
coincident. The extent of th is  dam age can be estim ated  using a m odification
111 102 by Sigmund of the theo ry  of Kinchin and P ease  . T his is  outlined in section
(4 .5 ,1 0 ).
4 .5 .2 .  Energy lo ss  p ro cesse s
The energy  lo ss  of a charged p a rtic le  moving through m a tte r  with keV 
energy  is  determ ined  by screen ed  Coulomb in terac tions  with the ta rg e t a to m s. 
T here  a re  th ree  m ain energy  lo ss  p ro c e s se s :-
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dEa) e la s tic  co llis ions betw een the incident ion and the ta rg e t nuclei (
b) in e las tic  o r  e lec tro n ic  p ro c e sse s  in which the incident ion exc ites  o r
dEe jec ts  atom ic e lec tro n s  ( "r")dx e
dEc) charge exchange p ro cesse s
The to ta l stopping pow er w ill be
dE \ r dE
' dx to t dx n dx e dx ce
E las tic  co llis ions involve la rg e , d isc re te  energy  lo sse s  and cause s ign i­
fican t angular deflection of the ion tra je c to ry . This re s u lts  in the crea tio n  of 
la ttice  d iso rd e r . P ro c e s se s  (b) and (c), involving m uch sm a lle r  energy  lo sse s  
p e r  co llision , produce little  d iso rd e r .
The re la tiv e  im portance of the two m ain  m echan ism s, a) and b), changes 
rap id ly  with the energy  and atom ic num ber of the incident ion . In gen era l, n u c lear 
stopping, (a), p re-dom inates fo r  low energy  and high atom ic num ber; w hereas 
e lec tron ic  stopping, (b), p re-dom inates  for high energy  and low atom ic num b er.
4 .5 .3 .  The In tera tom ic  Po ten tial
At a d istance r  fro m  the nucleus, charge Ze, the potential due to the nucleus,
is  reduced  by the screen ing  effect of the o rb ita l e le c tro n s .
ZeIn gen era l, V(r) = . é  ( r /a )
w here 0 (r /a )  is  the screen ing  function and a the screen ing  length.
At sm all separa tion  d is tan ces  the potential is  repu lsive  and a Bohr screen ing  
function ^  (r /a )  = exp ( - r /a )  can be used . At la rg e  sep ara tio n s , the Coulomb 
law d esc rib e s  the in te rac tio n . F o r ion im plantation, how ever, the ion-atom  
separation  is  between these  two c a s e s .  In th is reg ion  the potential can be 
b e s t d escrib ed  by B ohr’s equation, m odified using T h o m as-F erm i s ta tis tic s^ ^^ ’ ^^^ 
which gives
96
105w here V(r) is  the in tera tom ic  poten tial, and a is  the sc reen ing  length m e a ­
su red  in units of a = 0,8853a^
4 .5 .4 .  Ion ran g es  (LSS)
99 ^00Lindhard, Scharf, Schi^tt ’ (LSS), based  th e ir  ca lcu la tions on a u n iv e rsa l 
n u c lea r stopping c ro s s -se c tio n  Sn, calcu la ted  from  a T h o m as-F e rm i m odel of 
the in te rac tio n  between heavy ions, and an e lec tron ic  stopping c ro s s -se c tio n  Se, 
p roportional to  the velocity , v, of the incom ing p a r tic le . E nergy  and range a re  ex ­
p re sse d  as  the d im ension less  p a ra m e te rs  gand p , w here 
EaM^
Z ^ Z ^ e 2 (M ^ « 2 )
R N M 4^ a^M .
p = --------- ^ ^
(M^ +Mg)
a  is  the screen ing  length of the T h o m as-F erm i po ten tia l,
de>Then, the n u c lea r stopping pow er ( ^ ) ^  is  a function of g only and the
e lec tro n ic  stopping pow er is  rep resen ted  by ( ^ ) q ~ k f ,
w here ^
e 0 ,0 7 9 3 Z /Z ^ 2  (M +M^) 3/2. 1 /fi
2 /3  , r, 2 /3 , 3/4,,^ 3/2^^ i  * (104,106)
1( Z / ' "  + Z " '" )
107Johnson and Gibbons have produced a se t of tab les  based  on th is  th e o ry . 
P red ic tio n s  of the range  for heavy ions in compound sem iconductors a re  found to 
be in good ag reem en t with the experim en tal r e s u lts .  H owever, in the case  of 
light ions, Z < 10, the LSS theory  overestim ates  the extent of the inelastic col­
lis io n s; in consequence of which the range is  se rio u s ly  underestim ated  figure 
PU8X
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4 .5 .5 .  P ro ton  ranges
101■4p_5n-5.1 N orthcliffe and Schilling
N orthcliffe and Schilling have generated  a se t of sem i-e m p iric a l stopping
pow er cu rves from  which the calcu la ted  rang e-en e rg y  re la tio n s  for proton
en erg ies  >100  keV a re  in good ag reem en t with the availab le  range d a ta .
The b as is  of th e ir  stopping-pow er cu rves is  the assum ption  tha t the re la tiv e
stopping power of two m a te r ia ls  is  independent of ion identity  at a given ion
velocity . If the su b sc rip ts  A, B, denote two d ifferen t m a te r ia ls  and the
su b sc rip ts  p, q denote d ifferen t ions, it is  assum ed  tha t a t equal ion ve lo c ities ;
w here E . E is  the energy  and m  , m  a re  the m a sse s  of the p a rtic le s  p ' q P q
E E = -GL m  mp q
and
(dE/dx) (dE/dx)
(dE /dx)p_B  ^
In addition it is  assum ed  that the re la tiv e  stopping power v a r ie s  sm oothly 
with m a te ria l Z and ion E /m , and that the stopping power v a rie s  sm oothly with the 
ion atom ic num ber and E /m .
By applying these  assum ptions to a se t of experim en tally  determ ined  stopping
pow er cu rves for various ions into alum inium , stopping power cu rv es  fo r v arious
ions into o ther m a te r ia ls  w ere genera ted . Range data  was then obtained by 
calcu lating  an "e lec tron ic  range"
•E
-dE iw here = k E r, the constant k being chosen to  fit experim en tal data  fo r
sm all E .
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A n u c lear stopping co rrec tio n  based  on the LSS tab les was then applied .
T his gives good ag reem en t w ith the availab le experim en tal data  above lOOkeV.
4 .5 .5 .3 .  J .  F .  Janni
J .  F .  Janni^^^ has a lso  produced a se t of proton range data, fo r en erg ies  
> lOOkeV, using a s im ila r  approach to N orthcliffe and Schilling, He found tha t 
below IM eV  the proton cap tu re  c ro s s -se c tio n  fo r atom ic e lec tro n s  in c re a se s  
sign ificantly , so that a proton tran sv e rs in g  m a tte r  m ay have a rap id  exchange of 
e lec tro n s  with the nearby  atom s of the a b so rb e r . T his has the net effect of red u ­
cing the effective charge of the proton to a value which is  le s s  than unity . F ig u re  (4.9) 
shows the effective charge  of a proton a t d ifferen t en e rg ies  in a i r .  Even taking 
th is  charge effect into account, how ever, Janni obtained poor ag reem en t betw een 
h is  th e o re tic a l range p red ic tions (using the Bethe^^^ equation) and the experim en ta l 
r e s u lts  ava ilab le . He, th e re fo re , sm oothed and in terpo lated  as  m uch experim en tal 
inform ation  a s  he could find in  o rd e r  to p red ic t proton ranges fo r  en e rg ies  0 .1  -
1 .0  MeV.
4 .5 .6 .  Sum m ary of range data
F igure  (4.8) shows the ran g es as  a function of energy , p red ic ted  by the 
d ifferen t th e o rie s  o r  ca lcu la tions, for protons into G aP .
The re su lts  of N orthcliffe and Schilling and J .  F .  Janni a re  seen  to be 
s im ila r .  The LSS range data  w as calcu la ted  using the com puter p rog ram  published 
in  the se t of tab les  by Johnson and Gibbons. This p ro g ram  w as adapted to  the 
U niversity  ICL 1905F m achine by M. D eery^^.
4 .5 .7 .  The P ro j ected range
P a rtic le  tra je c to ry
incident
beam
R
M ean pro jec ted  range
Fig.. 4,10
101
The conversion  fac to r n e c e ssa ry  to obtain the p ro jec ted  range (R ) from  
the to tal range (R) is  
bM„
),
w here b is  a slowly vary ing  function of energy and ran g e . If the incident p a rtic le
w as to suffer no in e las tic  p ro cesse s  then R = R and b = 0, If nuc lear stoppingP
predom inates, and then b f*  1 /3  (re f. 98).
4 .5 .8 .  Standard deviation of the ion range
Because of the random  n atu re  of the co llision  p ro c e sse s , th e re  w ill be a sp read  
in  range about the m ean, approxim ately  following a G aussian d is tr ib u tio n , L ind lia rl^  
gives the following exp ressio n  fo r the re la tiv e  "stragg ling" w here n u c lea r stopping 
p re -d o m in a tes  i . e .
A R  2IÆ
^  — L - 2 -
P 3(M ^+M g)
w here is  the ro o t m ean square  fluctuation in the ra n g e . Again, the LSS P
theo ry , because i t  o v e res tim a tes  the am ount of nuclear stopping, o v e re s tim a te s  
A R p. T his can be seen  from  Table 4 ,1 ,  which li s ts  the range and p ro jec ted  ran g e , 
(with assoc ia ted  s tandard  deviation) for protons a t various en e rg ies  using the LSS 
theory , and the p ro jec ted  range and standard  deviation from  Ja n n i's  th eo ry .
P ro ton  range data
E nergy
(keV)
Range
LSS
P ro j ,  Range 
LSS
P ro j.  Range 
Janni
Stan. Dev, 
of
Range LSS
P ro j ,S .D , 
of
Range LSS
8 .D ,
Janni
100 l,212 |a 0,847]U 1.14/i 1212A 30 OA
200 1.738^ 1,35/i 2.08/i 92A 1299A 400A
300 2 ,14jLt 1.75jLi 3.12/i 93A 1334A 50OA
400 2.48/i 2.08/i 4 , 30/i 93A 1352A 600A
Table (4 .1 .)
1 0 2
Table (4,2) shows the p ro jec ted  ran g es and standard  deviations, in
b rack e ts , a t d ifferen t en e rg ies  for im portan t dopants in  galliiun  phosphide.
The values (in A ngstrom s) w ere calcu la ted  using the LSS p ro g ram , adapted to
85the U niversity  com puter by M. D eer y ,
LSS range data for various ions into GaP
Energy 
Ion (keV)
100 200 300 400
Oxygen 1787 3526 5100 6556
(654) (1010) (1242) (1410)
N itrogen 2047 3875 5708 7286
' (731) (1094) (1324) (1484)
Sulphur 868 1752 2639 3524
(331) (577) (774) ■ (946)
T ellu rium 330 578 820 1059
(82) (140) (192) (241)
Cadm ium 343 . 610 871 1132
(92) (157) (216) (272)
Zinc 475 902 1347 1801
(159) (280) (394) (500)
Table (4.2)
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4 . 5 . 9 .  A verage atom  concentration
The average im planted atom  concentration  in the reg ion  around
assum ing  that an approxim ately  G aussian d istribu tion  is  produced, can be 
estim ated  using the form ula
' N , ~  r e f  (109)
w here N(D) is  the im planted dose,
4 .5 .1 0 . D isplacem ent theorv
A la ttice  atom  w ill reco il from  its  s ite  if the energy  it acq u ires  from  an 
incident p a rtic le  is  g re a te r  than its  d isp lacem ent energy  (Ed). If th is  p rim ary  
reco il energy  is  sufficiently  la rge  then fu rth er atom ic co llis ions w ill occur 
e jecting  o ther (secondary) atom s and producing a dam age cascade of vacancy- 
in te rs ti t ia l  p a irs .  F o r  a light en erge tic  ion the p r im a ry  in te rac tio n  can be d e s ­
c r ib e s  in te rm s  of a sim ple Coulomb co llis ion . R u th e rfo rd ’s sca tte rin g  law,
110th e re fo re , ap p lies , Thom pson has shown that using th is  law, the c r o s s -
section  (o-p). for an in itia l d isp lacem ent a t energy  E i s : -
4 , r a / M  (l-(Ed/y)33))
o-p = (®)
and the m ean re c o il energy  E ^ ^  i s : -
Ed log
^RC “ i - ( E d  / a ,E) eqn (10)
2w here A= 4M ^M ^(M ^ +M^) and E ^  is  the Rydberg en erg y .
The n iunber of secondary  d isp lacem en ts can then be es tim ated  using  the 
11form ula .
N( E) =  eqn &1)
104
112 113w here ç is  a fac to r < 1, and depends upon the atom ic in te rac tio n  ’
1 0 2T his form ula is  a m odification of an equation by Kinchin and P ease  
in which the following assum ptions w ere m ade,
1) th e re  is  no recom bination of c losely  spaced v aca n cy -in te rs titia l 
p a irs
2) th e re  is  no sp a tia l v a ria tio n  in  Ed due to ex isting  dam age c e n tre s
3) an atom  reco iling  with energy  T is  d isp laced  if T > Ed.
4) no energy is  lo st if T > Ed; w hilst a ll the energy  is  lo s t if  T < Ed.
5) they are, e la s tic  co llis ions involving hard  sp h e re s .
T hese approxim ations m ean tha t N(E) is  an overestim ation  and so 
the value of N(E) obtained is  an upper lim it.
The equations above w ere used to es tim ate  the extent of the proton dam age 
a s  a function of energy  in section  (6 , 3 . 2 . ) ,
105
C hapter 5 
RESULTS
5.1  Introduction
hi th is  ch ap ter the experim en ta l re s u lts  a re  p resen te d . They w ill be d is ­
cussed  in  chap ter 6, M easurem ents w ere m ade on specim ens cut fro m  th ree  
d ifferen t s lic e s  of gallium  phosphide purchased  from  the M ining and C hem ical 
P ro to c ts  L td . (M CP).
Table (5.1) su m m arizes  the p ro p e rtie s  of the s lic e s .
M ateria l P ro p e rtie s
R ef. C a r r ie r  Cone, 
cm"
Dopant R esis tiv ity  
0, cm
O rientation R em arks
GPC 328 - Te 4Cr >10® (111) r e fe r re d  to  a s  sem i- 
insu la ting  m a te r ia l
GPC 270 2 X 10^® Te 53 (111) re fe r re d  to  a s  m ed­
ium  re s is tiv ity  m a t­
e r ia l
GPC 400 3 X 10^^ Te 0.13 (111) r e fe r re d  to as  low 
re s is tiv ity  m a te r ia l
Table (5.1)
All the specim ens w ere  polished on the (111) i . e .  the B(P) face and w ere  im plan­
ted at 7° off the <111 > to avoid any m a jo r channel.
The m a jo rity  of specim ens w ere  im planted with pro tons fo r rea so n s  d iscu ssed  
in  section  (1 .2 ,4 ) . The f i r s t  se t of re s u lts  sections(5 .3) and (5.4) a re  of m e a su re ­
m ents m ade on the th re e  types of m a te r ia l to  evaluate som e of the p ro p e rtie s  of the 
deep levels p resen t before and a fte r  the proton im plantation .
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An investigation  of the num ber of deep cen tre s  in troduced into the se m i-  
insu la ting  m a te r ia l a s  a function of proton dose, section  (5 ,5 .2 ) and proton 
energy , section  (5 .5 .3 ), is  then p resen te d . The annealing behaviour of the 
dam age w as a lso  exam ined section  (5 ,5 .4 ) . The final section  (5,6) d e sc rib e s  
the type of dam age produced by a m edium  Z ion, su lphur, when im planted into 
the m edium  re s is tiv ity  m a te r ia l .  A com parison  can then be m ade betw een the 
dam age produced by pro tons and.that produced by su lphur ions.
The techniques d escrib ed  in section  (3.4) w ere used to m easu re  som e of the 
p ro p e rtie s  of the deep le v e ls . The TSC m ethod w as em ployed in the case  of the 
sem i-in su la ting  m a te r ia l w hilst for the m edium  and low re s is tiv ity  m a te r ia ls ,  
although a  few TSC m easu rem en ts  w ere m ade, the capacitance -  tim e m ethod, 
fo r rea so n s  a lready  d iscu ssed , w as found to be the m ost su itab le .
5 .2  Im plantation of specim ens
Sam ples w ere im planted using the 600 keV a c c e le ra to r  d escrib ed  in 
section  (3 .2 .1 ,) .
Im plantation en e rg ies  w ere in the range 15 -  400keV and im planted doses 
in the range 2 x 10^^ -  10^'^/cm'^, P icraux  and Vook^^^ have shown by R utherford  
B ack sca tte r t e c h n i q u e s ' ^ t h a t  the am ount of dam age produced in s ilicon  by 
v arious ions depends not only upon the ion energy  and dose but upon the im plantation 
tem p era tu re  and the dose r a te .  Consequently sam ples w ere bom barded a t a  fixed 
tem p era tu re  i . e .  room  te m p era tu re , and a t a proton dose ra te  of 50 + lO nA /cm ^.
All specim ens w ere o rien ta ted  7* off the <111 > to  avoid m a jo r channelling d irec tio n s ,
5 .3  T rapping cen tre s  in sem i-in su la tin g  GaP
5 .3 .1 .  Deep energy  levels
A ll the m easu rem en ts  w ere m ade using the TSC techn ique, An exam ple of 
a TSC curve is  shown in figure (5 .1 ). A to ta l of eight d ifferen t c u rre n t peaks.
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and th e re fo re  of eight d ifferen t deep levels , w ere found in the 44 specim ens exam ined. 
Using the analysis of section  (4 .2 .2  and 4 .2 .3 . )  some of the p ro p e rtie s  of these deep 
levels a re  tabulated  below ( tab le  (5 .2 )). Ninety per cent of the energy  level values 
obtained w ere  w ithin the lim its  shown, w h ils t the m a jo rity  (70%) of the cap tu re  c r o s s -  
sec tions w ere to w ithin (plus or m inus) half an o rd e r of m agnitude of the values ind i­
ca ted . Although th e re  is  th is  sp read  in the cap ture c ro s s -se c tio n  values they can 
s til l  be used to ind icate  the type of trapp ing  cen tre  by com paring  them  with the
117bands (usually a few o rd e rs  of m agnitude) of c ro s s -se c tio n  s izes  defined by Lax ' 
section  ( 6 .2 .2 .1 .) .
In som e o ases the tab le  a lso  includes the varia tion  of the cap tu re  c ro s s -se c tio n  
with tem p era tu re  section  ( 4 .2 .4 .) .  T hese w ere calcu la ted  using the m ean energy  
level values shown in  the f i r s t  colmzin.
Some p ro p e rtie s  of the trapp ing  c e n tre s  in pro ton-bom barded GaP
E nergy level 
(eV)
C apture c r o s s -
section  a t 300TC
, 2^(cm )
The cap ture 
c ro s s -se c tio n  
is  p roportional 
to T""^ w here n =
T em p era tu re  at 
which c u rre n t 
peak o ccu rs , fo r 
a heating ra te  of 
0 .3 °K /sec .
0 .19 + 0 .03 —14 l .O x  10 ^ 3 .2 84.1
0 .22  + 0 .02 —165 .Ox 10 4 .5 115.4
0.24 + 0 .02 —16 5 . 0 X 10 ^ 3 .2 140.6
0 .35  + 0 .03 -11 l .O x  10 ^ 4 .4 159.1
0 .4  + 0.03 1 . 0 X lO"^^ 4 .5 167.2
0.48  + 0.04 “115 .0 x 1 0 ~ 194 .3
0.61 + 0.04 -125 .0  X 10 236.2
0 .75  + 0.04 -1 p)1 .0 x 1 0 2 .9 291.9
Table (5.2)
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5 .3 .2 .  Energy level positions In the bandgap
An indication of the bandgap position of the energy  levels ( i .e .  w hether 
the levels a re  in the low er o r  upper halves of the bandgap) can be obtained by 
the experim ental m ethod d escribed  in section  ( 3 ,4 .2 .2 ,) .
F igure  (5.2) shows the TSC cu rv es , fo r an im planted specim en, obtained 
a f te r  optical excita tion  at 77°K, <eurve (a)) and. a f te r  in c reas in g  the b ias at 
77°K (curve (b)). In the la t te r  case  the b ias applied during  cooling down was 
such that the depletion reg ion  w as le ss  than the proton range , w hilst the b ias  applied 
during w arm ing up w as g re a te r  than the proton range . The energy levels produced by 
the im plantation would, th e re fo re , be included in the change of depletion reg ion  width. 
C om parison of the two cu rv es  ind icates (section 3 .4 .2 .2 .2 . )  that the 0 .19 , 0 .22 
and 0,61 eV levels lie  in the upper half of the band gap. '
5 .3 .3 . C om p arison of im planted with unim planted m a te ria l 
M easurem ents on unim planted m a te ria l showed tha t tra p s  wliich produced
energy  levels of 0 .19 , 0 .22 , 0 .35 , 0 .4 , 0,48 and 0.61 eV 's  w ere  p re se n t. The 
im plantation of protons in c reased  the num ber of trapping  c e n tre s  producing the 
0 .19 , 0 .4  and 0.61 eV leve ls  and introduced additional levels a t 0 .24 and 0 ,75  eV.
5 .4  Trapping; c e n tre s  in  m edium  and low re s is tiv ity  GaP
5 .4 .1 .  Introduction
In itia l m easu rem en ts  on unim planted m a te r ia l indicated the m axim um  depth 
into the m a te r ia ls  which could be exam ined by Schottky b a r r ie r  techniques and, 
th e re fo re , the maximum, proton energy  which could be used  in each  c a s e . F o r  
m edium  re s is tiv ity  m a te r ia l th is  w as 400 keV, fo r low re s is tiv ity  m a te r ia l 
15 keV. (Section (5 .4 .2 .) ) .  A qualitative exam ination of the deep levels in both
I l l
unim plaiited and im planted m a te r ia ls  section  (5 .4 .3 .)  using C -f techniques is  
followed by m easu rem en ts  (TSC and C - t )  which yield  m ore  quantitative in fo rm ­
ation about the trapping cen tre s  responsib le  ( sections (5 .4 .4 . and 5 ,4 .5 ,) ) ,  A 
to ta l of eight specim ens w ere  exam ined; two unim planted and two im planted fo r 
both types of m a te r ia l.
5 .4 .2 .  In itia l m easu rem en ts
C apacitance-voltage m easu rem en ts  confirm ed the m a jo rity  c a r r ie r  con­
cen tra tion  values a s  s ta ted  by MCP ( tab le (5 .1)),w hilst G -  V m easu rem en ts  
provided experim ental values fo r  the re v e rs e  breakdown voltages
Table (5.3) shows typical experim en tal re v e rs e  breakdow n voltages (V ^p) 
fo r the d ifferen t s lic e s , together with the corresponding  depletion width (w).
The re v e rs e  breakdow n voltage and the depletion reg ion  width fo r m e ta l/s e m i­
conductor 1 unctions m ade from  m edium  and low re s is tiv ity  G aP.
T heo re tica l E xperim ental M aximum
from  re f ,  (83) In the range  Depletion
Width
Medium
R esis tiv ity
M ateria l
850 25-30 4 .0
Low
R esis tiv ity 30 7-10 0 .3
M ateria l
Table (5.3)
F ro m  th is  tab le , assum ing  no com pensation effects take place, the m ax i­
mum im plantation energy  fo r p ro tons, w hich en su re s  that the re su ltin g  d is tr ib u ­
tion is  a ll within the m axim um  depletion region, is  ^ 4 0 0  keV fo r the m edium  r e s i s ­
tiv ity  m a te ria l and j]^15 keV fo r the low re s is tiv ity  m a te r ia l .  The whole of the d is ­
tribu tion  can be analysed, th e re fo re , using capacitance techn iques. The im p lan -
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■ 1/C--V relationships; at different frecfu ejid_gsfoe ryrolon imo&nlecf rnedium resisnviw'mmeTidT
Implant; 400  keV _ ,, 2 x 1 0 ]P 'c m ^
k IO
100 kHz
3-4
3-0
50 kHz2-5
■ 2-2
10 kHz 1kHz
0-0 -to -20 “30 -4-0 -50 -5-0 -7-0
Bias Voltage 
Fig 15.6,1
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ta tion  of som e sp ec ie s , pro tons in p a r tic u la r , com pensate n ~ type m a te r ia l, 
in c reas in g  so tha t a reg ion  as  deep as the ion range can be exam ined, even
if th is  is  la rg e r  than the m axim um  depletion depth fo r unim planted m a te r ia l .  F o r 
exam ple, a 400 keV im plant (range 4.3/^) into m edium  re s is tiv ity  m a te r ia l in c re a sed  
^B R  f^ K-om 25 to 35 v o lts .
5 .4 .3 .  C apacitance -  F requency  m easu rem en ts
F ig u res  (5 .3 , 5 .4 ) show the re s u lts  from  a se t of 4 specim ens i . e .  the 
capacitance a s  a function of frequency fo r m edium  and low re s is tiv ity  m a te r ia ls ,  
unim planted and im p lan ted . By m aking C -  V m easu rem en ts  a t d ifferen t frequen ­
c ie s  it w as possib le to plot the m a jo rity  c a r r i e r  concen tration  a s  a function of 
frequency  fig u res(5 ,5, 5 .6 ) . Table (5.4) su m m arizes  the r e s u l ts .  The Copeland 
appara tu s  was em ployed to m ake m easu rem en ts  a t 5 .7  MHz.
M ajority  c a r r ie r  concen tration  m easu rem en ts  on m edium  and low
re s is tiv ity GaP
C a r r ie r  concen tration C a r r ie r  concen tra- h itro d u c-
Unimplanted m a te ria l tion Im planted M at- tion  ra te
“3cm e r ia l  -3 ~1 cm  cm
M edium
R esis tiv ity
1 kHz 
100 kHz
1 62 .2  X  10 
1 .8 x 1 0 ^ ^
3 .4 1 x 1 0 ^®  2.8x10^
16 4 2 .1 3 x 1 0  1 .7x10
M ateria l 5 .7  MHz l.O x lO ^ G not m easu rab le  —
Low Ik H z
173 .9 7 X  10
173 .4 9 x 1 0
17 9 5 .4 2 x  10 2.56x10
173.83  x 10 60 .0R esis tiv ity 100 kHz
M ateria l 5 .7  MHz 173 .0  X  10 not m easu re  able - — -
Table (5.4)
The tab le  shows that
a) the num ber of deep trapp ing  c e n tre s  has in c reased  a fte r  Im plantation
b) the num ber of m a jo rity  c a r r ie r s ,  at high frequencies, w as below the detection  
lim it of the Copeland app ara tu s , which is  5 x 10^^ om""^.
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Thermallv stimulatsd current curves obinined from proton implanted dO'/cmMSkeV) low-resistivitv Gap with zero-bias across the metal/semiconductor junction.
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5 .4 .4 .  T herm ally  S tim ulated C urren t M easurem ents
5 .4 .4 .1 .  T'SC re su lts
The sam e specim ens as w ere  used  fo r the capacitance-frequency  m e a su re ­
m ents, w ere  also  exam ined by the rm ally  s tim ulated  cu rren t techniques. Em ploy­
ing a  gold Schottky b a r r ie r ,  it  w as possib le  to apply re v e rs e  b ia se s  of a few vo lts, 
to the m edium  re s is tiv ity  m a te ria l, before leakage c u rre n ts  swam ped trapp ing
level effects; w hilst for the low re s is tiv ity  m a te ria l, only half a volt could be
3 6used . In genera l, c u rre n ts  of 10 - 10 tim es g re a te r  than those in the sem i-
insulating  m a te ria l w ere  obtained, the diodes also  being v ery  m uch m ore  noisy.
F ig u re  (5. 7)' shows a TSC curve. Using the sam e experim ental techniques (as
fo r the sem i-in su la ting  m a te ria l) , tab le (5.5) below su m m arizes  the re su lts .
Some p ro p e rtie s  of the trapping  cen tre s  found in medium and 
low re s is tiv ity  G ap  using the TSC technique
M aterial , Energy 
Level 
(eV)
C apture c ro s s -  
; section  at 3 00°K 
(cm^)
Medium
R esis tiv ity
U nimplanted 0 .69  + 0.03
Implanted 0. 59 + 0. 03 -111 .0 x 1 0
0. 71 + 0 .02 5 .0  X  10
Low re s is tiv ity
U nimplanted 0. 02 + 0, 005 
0 .45  + 0. 03 6 .0 x 1 0
Im planted 0. 04 + 0. 005 
0 .35 + 0,02 -115. 0 X  10
Table (S. 5)
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5 .4 .4 .2 .  F u rth e r  ana ly sis
In c a se s  w here no c u rre n t peaks a re  p resen t, fo r exam ple, w here the 
num ber of trapp ing  c e n tre s  is  very  low, o r the trapping c e n tre s  a re  em pty, the
-E.
c u rre n t/te m p e ra tu re  re la tio n sh ip  can be d esc rib ed  approxim ately^^ by I = exp 
section  ( 4 ,2 .3 .3 , ) ,
P lotting  the n a tu ra l logarithm  of the c u rre n t against the re c ip ro c a l of the 
te m p era tu re , an exam ple of which is  shown in figure (5,8), energy  levels  in  the 
• band gap can be d e te rm in ed . Table (5.6) shows the re s u lts  obtained from  each  sp e c i­
m en using th is  m ethod.
The energy leve ls  found in m edium  and low re s is tiv ity  GaP using the TSC te c h ­
nique with no optical excitation
M ateria l E nergy  levels  
(eV)
Medium re s is tiv ity
Unimplanted 0 .09, 0 .09  
0 .19, 0 .18
Im planted 0 .19 , 0 .20
0 .22 , 0 .23
Low re s is tiv ity
Unimplanted 0.007, 0 .005 
0.012, 0.018 
0 .04 , 0 .03  
0.13, 0 .16
Im planted 0.015, 0.018
0 .06 , 0 .07  
0 .3 , 0..3
Table (5.6)
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5 .4 .4 .3 .  P osition  in the band pcap
In the case  of the m edim n re s is tiv ity  m a te ria l, a 0 ,22  eV level is  in tro ­
duced by the im plantation p ro cess; fo r the low re s is tiv ity  m a te r ia l a 0 .3  eV 
lev e l. Changing the re v e rs e  b ias of the Schottky b a r r ie r  a t low te m p e ra tu re s , the 
0 ,22  eV level w as de term ined  to be in the upper half of the band gap, the 0 ,3  eV 
level in the low er h a lf ,
5 .4 ,5 ,  Capacitance -  T im e m easu rem en ts
The m ethod, ana ly sis  and appara tu s have a lready  been  d escrib ed , section  
( 3 .4 .4 .6 . ) .  F ro m  the capacitance tim e cu rv es , an exam ple of w hich is  shown 
in  figu re  (5,9), the th e rm al em ission  ra te  (e^) of the tra p s  can be calcu la ted ; the 
varia tio n  of the d ifferen t e^ with te m p era tu re  figure (5.10) enables energy  level 
values to be obtained section  (4 ,4 ,2 .) .
Two specim ens of each kind w ere exam ined ( i .e ,  two im planted and two 
unim planted). The energy  level values fo r each specim en a re  given in tab le (5 .7 ).
R esu lts  of capacitance -  tim e m easu rem en ts
M ateria l E nergy  L evels 
(eV)
Medimn re s is tiv ity
Unimplanted 0 .38 , 0 .4  
0 .45 , 0 ,44 
0 .64 , 0.61
Im planted 0 ,61 , 0 ,63 
0 .7 , 0 .69
Low re s is tiv ity
Unimplanted 0 ,05 , 0 .06 
0 .09 , 0.085
Im planted 0 .24 , 0.23 
0 .31 , 0,32
T ables (5.7)
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The number of full trapping centres a s  a function of optical stimulation time (each curve is labelled according to the energy Qj. level produced by the centres)
Number of full trapping centres 0-51eV
0-75 eV
:.t)*48eV
• ^ 0 '2 4 e V
0-3 5 eV
0'19eV
10 100 Optical stimutation time (seconds) Fig(5,12),
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5 .5  T rapping cen tre  concentration  m easu rem en ts  on sem i-insiila tiiig  GaP
5 .5 .1 .  R eproducibility
5 .5 .1 .1 .  Introduction
By in teg rating  the a re a  under each c u rre n t peak curve (section 3 .4 .2 .5 . )  the 
num ber of trapping  c e n tre s  fo r  each  level can be e s tim a ted . If each cen tre  re le a s e s  
only one c a r r ie r  then the actual num ber of c en tre s  can be d e te rm in ed . On the o ther 
hand if  the num ber of c a r r i e r s  re le a se d  from  each cen tre  is  unknown then the absolute 
num ber of cen tre s  is  a lso  unknown. The re la tiv e  concen trations of c e n tre s  a s  a 
function of proton dose o r energy , how ever, w ill not be a ffected .
Each specim en w as th e rm ally  cycled sev e ra l tim es until the TSC cu rv es  
obtained w ere rep ro d u c ib le . F a c to rs  which then affect the a re a  under the c u rre n t 
peaks a re
a) the in itia l num ber of cen tre s  which a re  fu ll. This is  determ ined  
by the optical excita tion  tim e and the optical in tensity .
b) the proportion  of the c a r r i e r s  which a re  not re - tra p p e d . This w ill 
depend upon the e le c tr ic  fie ld  a c ro ss  the specim en,
5 .5 .1 .2 .  Effect of optical excitation tim e and optical in tensity
M easurem ents m ade on a specim en im planted with a proton dose of 
1 3 - 210 cm  a t 300 k e V ,fig u re s (5 ,ll , 5 .12), shows that the num ber of full trapping  c e n tre s  
(for each type of cen tre) a s  a function of optical excitation  tim e reach es  a sa tu ra tio n  
value a f te r  about 50 seconds. An illum ination tim e of 300 seconds was used in  
a ll subsequent experim en ts  to en su re  to ta l occupancy. The num ber of levels ob­
serv ed  w as not dependent upon the excita tion  tim e; an effect which has been rep o rte d  
fo r GaAs^^^.
The sam e in tensity  of illum ination w as used fo r a ll ex p erim en ts .
1 2 7
TSC curves a s  a fundi on of electric field across (he depletion region 
Current scale CurrenI scale
3x10 W r
Average eleclric field over lem perdure rpnge of curve A is approx 4-0
B " " 5'0 " "
C •> •• 7*5 " «
All curves from the same proton irrpbnted {SOOkeV lO'cm’' ) specimen
TemperaluretmV)
10 Isri
00 -VO “3 0  ”4*0 “ 50  -*6'0
: ; F ig(5,13)
“70 “80
1 2 8
The number of carriers coHected. from the centres responsible for each energy level.as g function of the electric field across the depletion region
Number ofcarriers collected 0-24eV
^ 0*35 eV1
•0-4 eV
0-22eV1
1
x10Electric field V/cm Fig(5,14)
1 2 9
The number of carriers coUeded. from the traps responsible for the 0-61eVand 0-75eV levels,as a 
function of the electric field a cro ss  the metal
10an
sem iconductor depletion region
. Number of .carr iers  collected
1 0 °
2x1 O'
X/  4r
/
0-75eV
0-61eV
0 0 4  0-8 1-2 1-5 2-0x10
Electric Field (V/cm) Fig 15.15)
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5 .5 ,1  „ 3 „ Effect of the e le c tr ic  field
The ways in which the e le c tr ic  field  can affect the num ber of cen tre s
m easu red  has been d iscu ssed  a lready  in section  (3 .4 ,2 .7 .)*  The varia tion  of
the num ber of full trapping  c e n tre s  a s  a function of e le c tr ic  field , fo r a specim en
13 ”2im planted with a proton dose of 10 cm  at 300 keV, is  shown in fig u res  (5 ,13-15)* 
It was assum ed that a ll of the voltage applied to the specim en appeared  a c ro s s  the 
re v e rs e  b iased  m eta l/sem ico n d u c to r depletion reg ion , the width of which was found 
by m easuring  its  capacitance section  ( 3 .4 .2 .5 ,) .  U nder a ll fie ld  conditions the d e ­
pletion reg ion  width w as g re a te r  than the proton ran g e . Any change in width w as 
taken into account when constructing  the cu rv es  for cen tre s  which w ere p resen t in the
bulk m a te r ia l .  The num ber of c e n tre s , producing the 0 .19 , 0 .24 , 0 .35 , 0 .48  and
3O.GleV levels , reach  sa tu ra tio n  values fo r fields g re a te r  than 6 x 1 0  V /cm . The 
tra p s  producing the 0.22 eV level show little  field dependence w hilst the num bers of 
c e n tre s , producing the 0 .4  and 0 .75 eV lev e ls , show no Indication of approaching any 
sa tu ra tio n  values.
The h igher the e le c tr ic  field the h igher the c a r r ie r  velocity  and, th e re fo re , 
the low er the p robability  tha t a c a r r i e r ,  re le a sed  from  a c en tre , w ill be re - tra p p e d . 
T his elim ination  of re -tra p p in g  has been shown to be the p rim ary  effect of the 
e le c tr ic  field , section  (3 .4 .2 .7 ) .  The velocity  of the c a r r ie r s  is  independent of the 
num ber of c a r r ie r s  but m ay depend upon the num ber of trapp ing  a n d /o r recom bina­
tion cen tre s  in the m a te r ia l .  The e le c tr ic  field  dependence of the num ber of c e n tre s  
in  figu res (5,13-15) m ay, th e re fo re , be dose dependent. To te s t  th is  proposition ,
e le c tr ic  field  m easu rem en ts  w ere  a lso  m ade on specim ens im planted w ith d oses of
12 —2 15 —210 cm  and 10 cm  , and com pared  with the re s u lts  from  the specim en im p lan -
13 -2ted  with a dose of 10 cm  ,{tab les  (5 .8 , 5.9,. 5 .10, 5 .11)). In each ca se , the
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TSC cu rves from  two d iffe re n t specim ens a f te r  sim ilar proton implantations 
C urren t Scale C urren t Scale9 xlO“ "A
a S.I.1G
S.L15 300keV , IÇ^rn" protons
7
6
5
4
3
2
1
0*0 -VO 9*07*05*0 -  6*0Temperol uretrnV]
Fig(5.16)
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num ber of cen tre s  m easu red  a t the highest value of e le c tr ic  fie ld  is  taken as  the
re fe ren c e  point. The num ber of c e n tre s  a t low er field  values a re  then com pared  with
the highest field  values in te rm s  of a p ercen tag e , hi each  case  the v a ria tio n  of the
num ber of c en tre s  w ith e le c tr ic  field  Is to w ithin + 5% of the v a ria tio n  found in the
13 -3specim en im planted with a dose of 10 cm  for the leve ls  in troduced by the im plan­
ta tio n , The field  dependence re su lts  in figu res  (5.13-15) w ere  used, th e re fo re , to 
com pare the trapping cen tre  concen trations in  d ifferen t specim ens, independent of 
the im planted d o se . F o r  each type of c en tre , re su lts  w ere no rm alized  to the sam e 
field  value.
5 .5 ,1 .4 .  C om parison of specim ens
T ables (5.12-16) com pare the nm nber of cen tre s  in troduced by the im plantation
fo r sev e ra l specim ens im planted on d ifferen t occasions under the sam e im plantation
conditions. Table (5.12) com pares specim ens im planted with a dose of 10^^ cm ”^ a t
15 ”2300keV; tab le  (5.13) those im planted with a dose of 10 cm  a t 300 keV, w hilst
table (5,14) com pares specim ens im planted w ith a  dose of 10^^cm  ^ a t 200 keV .
Table (5,15) com pares two specim ens which w ere annealed a t the sam e te m p era tu re
13 -2of 300®C a f te r  being im planted with a dose of 10 cm  a t 300 keV; while tab le  (5.16) 
com pares unim planted sp ec im ens. A fter taking the e le c tr ic  fie ld  effect into account 
the num ber of c e n tre s  in troduced into the specim ens ag reed  to w ithin a w orst case  of 
+ 11%, In the following groups of re s u lts ,  the dose dependence section  (5 ,5 .2 .) ,  the 
energy  dependence section  (5 .5 ,3 ), and the annealing behaviour section  (5,5.4)g the 
e r r o r  based  on the re s u lts  above w as es tim ated  to be +10% . T h is  is  sm all com pared  
to the  o rd e r  of m agnitude changes w hich a re  brought about by in c re a se s  in the proton 
dose e tc .
Some specim ens in which the trapp ing  cen tre  concen trations did not follow the 
gen era l tren d  of the o ther specim ens in the se t w ere repea ted  a s  a check . F igu re  (5.16) 
shows the TSC cu rv es  obtained fro m  two specim ens im planted w ith lO ^^cm ” ^ SOOkeV 
p ro to n s.
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F ie ld  dependences of the num ber of cen tre s  producing the 0.19 eV level In
13 ~2 12 ~2specim ens im planted with doses of 10 cm  and 10 cm  .
dose 
e le c tr ic  field 10^^ cm “^ 1 0 ^ 'c m - '
(V/cm) No. of % No. of %
cen tre s c en tres
3 82 .7  X 10 6 .5  X  10 100 2 .69  X  10 100
2 .0 x 1 0 ^ 5 .0 x 1 0 ^ 76.9 2 .11 X  10® 75.8
1 .4  X  10^ 3 .4 x 1 0 ® 52.3 1 .4 5 X 10® 53.9  '
0 . 7 X  10^ 2 .0 x 1 0 ® . 30 .7 9 .0  X  lo"^ 33.3
Table (5.8)
F ie ld  dependences of the num ber of cen tre s  producing the 0,61 eV level in
13 ~2 12 -2specim ens im planted w ith doses  of 10 cm  and 10 cm
dose 
e le c tr ic  field
(V/cm )
10^® cm -'
No, of 
ce n tre s
%
1 0 ^ 'cm -^
No. of 
cen tre s
%
3.9  X  10® 9x10® 100 3 .1 5 x 1 0 ^® 100
2 . 7 X  10® 4 X  10® 44 .4 101 .4 5 X  10 46
2 .0  X  10® 3 xlO® 33.3 1 .0 5 X 10^® 33.3
1 .4  X  10® 2 X  10® 22.2 6.1  X  10® 19 .3
0 .7 x 1 0 ® 1 .8 x  10® 20.0 4 . 7 X  10® 15 .0
Table (5.9)
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Field  dependences of the num ber of ce n tre s  producing the 0.61 eV level in 
specim ens im planted with doses of 10^'®cm ^ and 10^®cm ®
dose 
e le c tr ic  field ,  A 310 cm "2 10^®cm -2
(V/cm) . No. of % No. of %
cen tre s cen tres
7 .2 x 1 0 ® 102 .8  X  10 100 1 ,4 3 X  10® 100
4 .8  X  10® 101 .5 x 1 0 54 8 x  10® 55.9
1 .2  X  10® 2 X  10® 7.1 1 .4  X  10® 9 .9
Table (5.10)
F ie ld  dependences of the num ber of cen tre s  producing the 0 .75  eV level in 
specim ens im planted w ith d oses of 10^®cm ® and 10^® cm  ®
dose 
e le c tr ic  field 1 0 ^ ®  cm ”
-2 10l® cm -^
(V/cm) No. of  ^
c en tre s '
% No. of 
c e n tre s
%
7.4  X  10® 2 .2  X  10^® 1 0 0 8 . 6  X 1 0 ® 1 0 0
4 . 7 X  10® 1 .8  X  10^® 81.8 6 . 5 X  1 0 ® 75.6
1 .2 x 1 0 ® 8 .3 x 1 0 ® 37.7 3 .2  X  10® 36.6
Table (5.11)
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C om parison  of the nm nber of c e n tre s  introduced, fo r four specim ens im planted 
13 -2w ith 10 cm  . SOOkeV protons
10^® cm "^ , 300 keV 
No, of cen tre s
A verage 
no . of 
c e n tre s
Specim en r e f .  no . 8 .1 .15  8 .1 .1 6 . 328 /9  M 9/2
Level
(eV)
0 .19 1.28x10® 1.3x10® 1.2x10® 1.34x10®- 1.28x10® 
0.61 1 .84xl(f®  1.73x10*-® l,6 x l( f®  1.47xl(f®  1.66x10^® 
0 .75  . '  - ■ 3 .0xl(f®  3.3x10^® -  3.1x10^® 3.13x10^®
Table (5.12)
C om parison of the num ber of c en tre s  Introduced for two specim ens Im planted 
w ith 10^® cm  300 keV protons
10^®cm"®, 300 keV
No. of ce n tre s
Specim en r e f .  no . S .1.14 8 .1 .33
Level
(eV)
0.48 78 .06X  10 8 . 6  X lo '* '
0.61 7 .9 3 X 10® 7 .4 3 X 10®
0.75 6 .5  X 10® 6.1 X 10®
Table (5.13)
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C om parison  of the num ber of cen tre s  in troduced fo r two specim ens im planted 
w ith 10^ ® cm  ^ 200 keV p r otons
1 Q —210 cm  , 200 keV
No, ;of cen tre s
Specim en r e f ,  no . S .I ,  6. M 2/9
Level
(eV)
0 .19 3 .4 6 x 1 0 ® 3 .3 7 X 10®
0.61 2 .4 5 X 10^® 2 . 3 X 10^®
0.75 9 ,1 9 x 1 0 ^® 109 .2 4 x 1 0 ^
Table (5,14)
C om parison of the num ber of c e n tre s  in troduced for two specim ens im planted 
13 —2w ith 10 cm  . 300 keV protons and annealed a t 300°C
1 3 ~2 10 cm  , 300 keV, T ^  = 300°C
No. of cen tre s
Specim en r e f .  no . 8 .1 .1 7 . G aP 10
Level
(eV)
0.19 5 .0 8 x 1 0 ®  4 .7 x 1 0 ®
0.24 9 9 1 .87  x 10 1 .4 4 x  10
0.61 3 .8 8 X  10^® 4 .2  X  10^®
Table (5,15)
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C om parison of the num ber of cen tre s  in th ree  im implanted specim ens
Unimplanted 
No. of cen tre s
G aP /2Specim en re f .  no.
Level
(eV)
8 .1 .23  S .1 .32
0.19 7 .5 x 1 0 ®  7x10® 6.92‘x  10®
0.4 8 .1 x 1 0 ®  8 .3 x 1 0 ® »
10 10 100.61 1 .2 3 x 1 0  1 .1 8 x 1 0 1 .3  X 10
Table (5.16)
5 .5 .2 .  V ariation  of the num ber of trapping  cen tre s  with proton dose
5 .5 .2 .1 .  R esis tiv ity  m easu rem en ts
F igu re  (5,17) shows the re s is tiv ity  of the im planted la y e r as  a function of
d o se . The re s u lts  w ere obtained by m easu ring  the re s is ta n c e  of each specim en
under fo rw ard  b ia s . Knowing the a re a  of the Schottky b a r r ie r  contact, the proton
range and the re s is tiv ity  of the unim planted m a te ria l, the re s is tiv ity  of the
Im planted reg ion  can then be ca lcu la ted . The figure also  show s, fo r com parison ,
11the re s u lts  of Spltzer and N orth .
5 .5 .2 .2 .  TSC M easurem ents
F igure  (5.18)shows the to ta l nmn.ber  of trapping  c e n tre s  in troduced by the
Im plantation as  m easu red  by the TSC m ethod a s  a function of d o se . F o r  com p ari-
13 2son, the re s is tiv ity /d o se  curve is  a lso  included. At low d oses < 5 x 1 0  /c m  a
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The resistivity of the implanted laver as g ifi 'funcfiorTo]' proton dose
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The total number of trapping centres compared "with the res is tiv ity o f the Implanted Iqver, a s  afunction Oi proton dose
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The number of trapping cent res, producing the 
different le v e ls .a s  a function of proton dose
Implantation energy 300keV 
Dose rate 50nA/cm'^
1110 c- Number of •• : trapping centres
Estimated error ±10%
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/
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la rg e  in c re a se  in the num ber of trapp ing  cen tre s  (x50) re s u lts  in only a sm a ll in ­
c re a se  in  the re s is tiv ity  (x l,6 ) . Taking into account the a re a  of the specim en, the 
in troduction ra te  is  0,125 trapp ing  cen tre s  per proton, and each proton rem oves
38 c a r r i e r s  assum ing that th e re  is  no change in the m obility . Over the dose range 
13 15 25 x 1 0  -  10 cm  , although the re s is tiv ity  in c re a se s , the to ta l num ber of m easu red
trapping  cen tre s  d e c re a s e s . This im plies that d ifferen t cen tre s  m ay be responsib le  
fo r the c a r r ie r  rem oval a t these  high doses com pared to the low dose situa tion . 
F igu re  (5.19) shows the nmn.ber  of trapp ing  cen tre s , producing the d ifferen t lev e ls , 
a s  a function of d o se . It can be seen  that
(a) the num ber of c e n tre s  producing the 0.19 eV level, in c re a se s  w ith dose up
14- 2to 10 /c m  , and then rap id ly  d e c re a se s ; no cen tre s  being m easu rab le  a t a dose 
of 1 0^^ /cm ^ . ■ ’ •
(b) the population of tra p s , responsib le  fo r the 0.61 eV level, is  la rg e , even a f te r
12 2a dose of only 10 /c m  , T here  is  a slight in c rease  in num bers over the range
12 13 2 1310 “ 5 X 10 /c m  followed by a d e c re a se , again only sligh tly , from  5 x 1 0 '  /
2 .  , . 1 5 .  2cm  to 10 /c m  .
(c) the cen tre s  causing  the 0 .75  eV level, a re  introduced rap id ly  up to a  dose of
13 2 13 14 210 /c m  ; then m ore  slowly over the range 10 - 1 0  /c m  , and at h igher doses
they have been substan tially  reduced in n im ibers.
(d) the cen tre s  responsib le  fo r the level a t 0 ,4  eV a re  introduced in m easu rab le
13 2num bers fo r doses g re a te r  than 5 x 1 0  /c m  , but the num bers d ec re a se  as  the
15 2dose in c re a se s  up to 10 /c m  .
5 .5 .3 .  'Variation of the n u m b er  o f trapp ing  cen tre s  with p roton  e n e r g y
Specim ens w ere  im planted a t various energ ies  over the range 50-300 keV. .
13 2In each case the dose w as 10 /c m  , th is  value being chosen so that the im plan­
ted  reg ion  did not becom e am orphous, (section (5 .5 .2 ,2 ,) ) .  The o ther im plan­
ta tion  conditions have a lread y  been describ ed  in section  (5 ,2 ). F igure  (5.20)
1 4 2
The number of trapping centres, producing the 
' cfi f f e  re ni levels.as q function of th e proton energy
Number of . trapping centres-.
.. .Estimated error ±10%
In each c a se  the dose w as 10 cm'^
0-75eV
^  0-61eV
300200
Proton energy IkeV)
100
Fig(5.2Q,)
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shows how the num ber of trapp ing  c e n tre s  producing the d ifferen t lev e ls , vary  
w ith proton en erg y . In each  case  the num ber of c e n tre s  d e c re a se s  as  the energy  
in c re a s e s . Table (5,1) (below) p re sen ts  the sam e inform ation , but in te rm s  of the 
Introduction ra te  ( i .e .  the num ber of dam age cen tre s  p e r proton).
T rapping cen tre  in troduction ra te  as a function of proton energy
Pro ton
energy
(keV)
C en tres
producing
the
0.19eV
level
0.61 eV 
level
0 .75  eV 
level
Total
50
’■ •
0 .73 0.73
75 0.073 0.43 10 .0 10,50
100 0.043 0.29 1 .2 5 1.58
200 0.028 0.136 0.54 0.70
300 0.021 0.10 0.48 0 .60
Table (5,17)
5 .5 .4 .  A nnealing behaviour of the trapp ing  cen tres
5 .5 .4 .1 .  Introduction
The annealing behaviour of the trapp ing  cen tre s  w as exam ined in two sep a ra te  
reg io n s  i . e .  room  te m p era tu re  -  200°C and 300®C -  650^0, T his was n e c e ssa ry  b e ­
cause  tin , which w as used to fo rm  the ohmic back contact to the specim ens, m e lts  at 
280°G . Consequently those specim ens which w ere to be annealed below 280°C w ere 
contacted before im plantation, w hilst those to be annealed above 280°C- w ere im planted 
and annealed before contacting. In the la tte r  case  the tem p era tu re  of the contacting 
p ro cess  was contro lled  so that it did not r is e  above 300°C. In the la tte r  case  a lso , 
specim ens w ere coated with 810 before annealing (section (3. 3)). The te m p e r­
a tu re  a t which the coating was c a rr ie d  out was in the reg ion  300 -  310°C.
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F o r convenience the trapping  cen tre s  responsib le  fo r a lev e l E w ill be 
re fe r re d  to a s  cen tre s  (E).
5 .5 .4 .2 .  Unimplanted m a te r ia l
F ig u re  (5.21) shows the concentration  of trapping c e n tre s , producing the 
0 .19 , 0 ,22 , 0 ,61 and 0 .75  eV leve ls , as a function of anneal te m p e ra tu re . The . 
c e n tre s  (0.19), c en tre s  (0.22) and cen tre s  (0.61) a ll in c re a se  rap id ly  in the reg ion  
room  tem p era tu re  to 200°C, The concentration  of cen tre s  (0.22) a t 200°C could not 
be m easu red , the TSC peak being obscured by the peak of the 0.19 eV leve l. A ssum ­
ing, how ever, that the concentration  of c e n tre s  (0,22) in c re a se s  a s  rap id ly  over the
reg ion  i00°C -> 200°C a s  it did over the range 20®C -> 100“C, the concen tration  at
13 3200°C would be approxim ately  3 x 1 0  /c m  . An anneal a t 300®C (with encapsulation) 
red u ces  the num bers of the ce n tre s  (0.19), c en tre s  (0.22) and c e n tre s  (0 .61), At 
430°C th e re  is  a slight in c re a se  in the concen trations of the c e n tre s  (0.19) and c e n tre s  
(0.22) bu t by 650°C the num bers have been reduced substan tia lly . The 0 .75  eV level 
ap p ea rs  a fte r an anneal of 430°C, but again the concentration  fa lls  as the anneal te m ­
p e ra tu re  (T^) in c re a s e s .  In the case  of the cen tre s  (0.61), how ever, the co n cen tra ­
tion of these in c re a se s  over the range 540 -  650°C. [T he concentration  a t 300°C could 
not be m e a su re d ] . F ig u re s  (5.22 and 5.23) com pare the behaviour of the ce n tre s  
(0,24), c en tre s  (0.35), c e n tre s  (0.4) and c e n tre s  (0.48) before and a fte r  im plan tation . 
C onsidering the unim planted m a te r ia l the num bers of the c e n tre s  (0,24), c e n tre s  (0.35) 
and c e n tre s  (0.48) a ll in c rease  from  20°C to 200*0. [T he  c e n tre s  (0.4) w ere obscured  
by o ther levels  c lo se  b y .]  At h igher te m p era tu re s  the num ber of c e n tre s  (0.24) and 
c e n tre s  (0,35) a re  reduced  by the anneal a t 300°G w hilst the num ber of c e n tre s  (0.4) 
and c en tre s  (0.48) a re  both in c re a se d . All the cen tre s  a re  reduced  in concentration  
over the range 300-650*0 except fo r  the cen tre s  (0.4) which in c re a se  by over an 
o rd e r  of m agnitude from  540*0 -  650*0,
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The annealing behaviour of the centres(0-19).(Q-22) (0-61) andfO-751 in ■'unimptanied material
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The annealing behaviour of the centres(Q-35) and 
i0'4l in both ummpiantedand imptanted material
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The annealing behaviour of the centres(0-24)and (OA in hôRi unimplanted ondT irnotanled mdfënal
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The number of cenlresl0-19).(0‘61) and (0-75) for both unimplanted and implanted material as a function of
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The annealing behaviour of the trapping centres responsible tor the different.ievels
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The majority carrier concentrationns Q function of annealing temperature for both unimptanted andirÆ n t^  material
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5 .5 .4 .3 .  Im planted m a te ria l 
The sam e fig u res  (5,22) and (5.23) show the annealing behaviour of the
ce n tre s  (0,24.) c en tre s  (0,35), c en tre s  (0.4) and cen tre s  (0,48) in im planted m a t­
e r ia l .  At low te m p e ra tu re s  (20~200°C) th e re  is  little  d ifference betw een the im plan­
ted  and unim planted m a te r ia l, except fo r the cen tre s  (0.24), which a re  in troduced 
by the bom bardm ent, but have annealed out by 100°C. At h igher te m p e ra tu re s ,
= SOO^C, the num bers of cen tre s  (0,24) have in c reased , but d ec re a se  again fo r 
h igher values of T ^ .  The concentration  of cen tre s  (0,48) is  a little  le s s  than fo r 
the unim planted ca se , w hilst fo r the c e n tre s  (0.35) a sm all concentration  in c re a se  
a f te r  an anneal at 300°G is  quickly annealed out. The behaviour of the c e n tre s  (0.4) 
eV was obscured  by o ther TSC peaks over som e of the tem p era tu re  ra n g e . F igu re  
(5 .2 .4 .)  shows the annealing behaviour of the to tal num ber of c e n tre s  a f te r  im plan­
ta tion , together with the behaviour of the unim planted m a te r ia l in the sam e reg ion .
F o r c la r ity , figure (5.25) shows ju s t the behaviour of the cen tre s  introduced by 
the im plantation. In each case  th e re  is  an in itia l d ec re a se  in num bers from  
T ^  = 20 -  150°C, followed by an in c rease  at T ^  = 300°C. By T ^  = 650°C a second 
annealing out has occu rred , except in the case  of the cen tre s  (0.75) w here the con­
cen tra tion  in c re a se s  over the range 540-650°C.
5 .5 .4 .4 .  Annealing behaviour
C-V m easu rem en ts  w ere m ade (as in section 5 .4 .3 .) )  on each annealed 
specim en . The m a jo rity  c a r r ie r  concentration as  a function of anneal te m p era ­
tu re  is  shown in figure (5.26).
5 .6  Sulphur im plantation into m edium  re s is tiv ity  m a te ria l
5 .6 .1 .  Introduction
A few m easu rem en ts  (far le ss  detailed  than in p rev ious sections) w ere m ade on
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The current through an implanted specimen . . inverse function of temperature
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The majority carrier concenlration resulting from medium resistivity materkil being irnptanted with sulphur at various doses
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siilphur-im planted  m a te r ia l, so that the dam age cen tre s  produced by a h eav ie r ion
could be com pared with those re su ltin g  from  proton bom bardm ent. Specim ens of
32m edium  re s is tiv ity  T e-doped GaP w ere bom barded with 200 keV 8 , at a dose ra te
2of 10 nA /cm  , and 7° off the <111 > d irec tio n . Using a re v e rs e -b ia se d  m e ta l/s e m i­
conductor (Au/GaP) junction, TSC and C-V  data  was obtained from  th ree  sam p les ,
12 2 13 2 13 ■ 2Im planted with d oses of 3 x 1 0  /c m  , 10 /c m  and 3 x 1 0  /c m  .
5 .6 .2 .  TSC m easu rem en ts
F ig u re  (5.27) shows the TSC curve obtained a fte r im planting a sulphur dose of 
13 210 /c m  . T h ree  c u rre n t peaks, indicating the p resence of th ree  deep energy  levels , 
and th e re fo re  th ree  types of dam age ce n tre , a re  seen  to  be p re se n t.  F u rth e r , by 
plotting the logarithm  of the c u rre n t produced with no optical excita tion  against the 
in v e rse  of the te m p era tu re  ( i .e .  log I vs ^ ) ,  (figure (5.28)), the 
energy  level values of two o ther cen tre s  can also  be de term in ed . Table 
(5.18) su m m arises  the p ro p e rtie s  of a ll the dam age c e n tre s  found, the 
p ro p e rtie s  of the c e n tre s  produced by proton bom bardm ent (into the sam e 
type of m a te ria l) a re  included fo r com parison .
5 .6 .3 .  C-V  m easu rem en ts
F igu re  (5.29) shows the m a jo rity  c a r r i e r  concentration  a s  a function of d o se .
The peak sulphur concen tration , o ccu rring  at the ion ran g e , is  a lso  given calcu la ted  
fro m  the form ula of section  (4 ,5 .9 .) .  The in c rease  in  the concen tration  w ith dose 
suggests th a t deep donors a re  p r im a rily  produced in th is  p a rtic u la r  dose ran g e .
5 .6 .4 .  Anne alin g behaviour
13 2A fter a dose of 10 /c m  the m ajo rity  c a r r i e r  concen tra tion  (determ ined using
16 3C -V  m easu rem en ts) had r is e n  to  5 ,6  x  10 /c m  from  the bulk m a te r ia l value of 
15 33 x 1 0  /c m  . However, a f te r  a half hour anneal (in an argon  a tm osphere  at 200®C) 
it had dropped to 4 .3  x  10^^/cm ^ i . e .  over an o rd e r of m agnitude d iffe ren ce .
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DISCUSSION OF RESULTS
6.1  Introduction
The re su lts  of chap ter 5 a re  now d iscussed . The energy levels produced by 
ion bom bardm ent a re  f i r s t  com pared fo r all th ree  types of G ap  in tab les  (6 .1 , 6. 2), 
T his is  followed by a section  on the trapp ing  cen tre  cap tu re  c ro s s -se c tio n s . The 
trapping cen tre  concentrations as  a function of dose, energy and anneal te m p era tu re  
a re  then exam ined section  (6. 3 .1 , 6. 3. 2 . ,  6, 3. 3). F inally  the m easu rem en ts on 
the sulphur im planted m a te r ia l a re  co n trasted  with those from  the pro ton  bom barded 
m a te ria l.
At the end of each section  the re s u lts  a re  com pared with o the r data rep o rte d
in the l i te ra tu re . V ery few p apers  have appeared, as fa r  as I am aw are, on the
proton im plantation of GaP. T here  has been a little  co rrespondence on e lec tro n  and
heavy ion bom bardm ent of G aP and these  together with re su lts  from  other III-V cpds,
in p a r tic u la r  GaAs, have been draw n on heavily. T here  a re  dangers , how ever, in
doing th is. Thom m en a ttribu ted  an annealing stage at 520^K in GaAs to the gallium
120vacancy as it w as s im ila r  to behaviour which had been observed  in GaSb. Potts 
121and P earso n , , how ever, have produced m ore conclusive evidence to suggest that
th is  stage in GaAs is  assoc ia ted  with the a rse n ic  vacancy.
With no d irec t experim ental evidence, in  th is  w ork o r  in  the  li te ra tu re , fo r
the p ro p ertie s  of the trapping cen tre s  associa ted  with the sim ple defects such as
V^ , I^  , V , I , le t alone the m ore  com plex cen tre s , any deductions from  the Ga Ga p p ’ ^
m easu rem en ts in th is d irec tion  a re  n e c e ssa rily  ten tative and should be tre a te d  as
such. Some of the li te ra tu re  gives the im p ressio n  that the evidence fo r, fo r exam ple
the te m p era tu re  at which V_, anneals out in GaAs, is  fa r  m o re  conclusive than itGa
actually  is; authors draw ing on each o th e rs  only ten tative suggestions.
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6. 2 Trappinsf cen tre  p ro p ertie s
6. 2 .1 . C om parison of the energy levels  found in the th ree  d ifferen t types pf q ^ p  m a te ria l 
In th is section  tab les (6 .1 .,  6. 2) com pare the energy level values found in 
the d ifferent m a te ria ls  fo r both unim planted and proton im planted specim ens.
6 .2 .1 .1 .  Unimplanted specim ens
Table (6.1) shows the energy levels  m easured , by the vario u s  m ethods, fo r 
unim planted m a te ria l.
The energy  levels  found to be p resen t in  the different G aP s lic e s  before im plantation
Semi Insulating 
m a te ria l
Medium R esis tiv ity  
m a te r ia l
Low R esis tiv ity  
m a te ria l
E nergy
Levels
Method Energy
L evels
Method Energy
Levels
Method
0.007 Conductivity
0. 012 Conductivity
0 .02 T .S .C .
0. 04 Conductivity
0 .05 C -  t
0.09 Conductivity 0. 09 C -  t
0 .14 Conductivity
0.19 T .S .C . 0.19 Conductivity
0. 22 T .S .C .
0 .35 T .S .C . 0 .38 C -  t
0 .4 T .S .C . 0 .4 C -  t
0 .48 T .S .C . 0 .45 T .S .C .
0.61 T .S .C . 0 .64 C -  t
0 ,69 T .S .C . *
Table (6.1)
The levels  in the m edium  re s is tiv ity  m a te ria l of 0 .19, 0 .38 , 0 .4  and 0. 64 eVs 
com pare with those in  the sem i-in su la ting  m a te ria l of 0 .19, 0. 35, 0 .4  and 0, 61 eV 's.
The te llu rium  level at 0. 09 eV is  evident in both the m edium  and low re s is tiv ity  
m a te r ia ls . O.f the many shallow levels  in the la t te r  m a te ria l, the one at 0. 007 eV could
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45be due to  n itrogen  (reported  as -  0. 008) and the 0 .04 -  0. 05 leve l m ay be
t -  40carbon  .
6 .2 .1 .  2. Im planted specim ens 
S im ilarly  fo r im planted m a te r ia l: -
The energy  levels  found to be p resen t in the d ifferen t G aP s lic e s  a fte r proton im plantation
Sem i-Insulating
M ateria l
Medium R esistivity  
M ateria l
Low R esis tiv ity  
M ateria l
E nergy
Levels
Method E nergy
Levels
Method Energy
Levels
Method
0.015 Conductivity
0. 04 T .S .C .
0.06 Conductivity
0 .19 T .S .C . 0 .19 Conductivity
0. 24 T .S .C . 0 .22 Conductivity 0.24 C -  t
0 .3 Conductivity
0.32 C -  t
0 .4 T .S .C . 0.35 T .S .C .
0. 59 T .S .C .
0.61 T .S .C . 0.61 C -  t
0 .7 C -  t
0. 75 T. 8 .C . 0.71 T .S .C .
-
Table (6. 2)
The levels  in troduced by pro ton  bom bardm ent of the m edium  re s is tiv ity  
and sem i-in su la tin g  m a te r ia ls  a re  s im ila r , im plying that the sam e trapping  c e n tre s  
a re  responsib le .
The leve ls  in troduced into the  low re s is tiv ity  m a te ria l, how ever, do not 
follow the sam e pa tte rn . Two deep lev e ls  w ere  m easu red  i. e. a t 0 .24 eV and 
0 ,32  eV. The 0. 24 eV level com pares w ith s im ila r  leve ls  found in the o ther 
m a te r ia ls . The 0.32 level, in the  bottom  half of the band gap, is  probably
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the sam e level a s  the 0 .35 eV level m easu red  using TSC techniques. T his level
m ay be a lread y  p resen t in the m a te r ia l (c .f . the sem i-in su la ting  m a te ria l table
(6.1)) or it m ay be in troduced by the im plan ta tion . If the la t te r  is  the case  then
13 2it  could be the sam e level a s  the 0 .4  eV level introduced, fo r doses > 5 x 1 0  /c m
into the sem i-in su la ting  m a te r ia l .  The d ifference in energy  level value of 0 .05  eV,
122how ever, is  ra th e r  la rg e . H am ilton and Smith have re p o rte d  an + 0 . 4  eV level in 
n-type G aP .
The 0 .24 eV and 0 .4  eV lev e ls  found to be introduced into the sem i-in su la tin g
m a te r ia l w ere not exam ined quantitatively  in  sections (5 .5  and 6 .3) because the
0,24 eV level w as often obscured  by o ther leve ls  closeby, the Introduction ra te
being calcu la ted  a s  0.01 cen tre s /p ro to n , w hilst the 0 .4  eV level w as only detectab le  
13 2fo r d oses > 5 x 1 0  /c m  ,
6 .2 .1 .2 .  Energv levels introduced by proton im plantation
In a b inary  compound such a s  GaP the d isp lacem ent of an atom  can re s u lt  in  the
form ation  of sev e ra l energy  le v e ls . T here  w ill be a level a sso c ia ted  with each type
of vacancy and also  with each type of in te r s t i t ia l .  In the la t te r  case  the re su ltin g  level
m ay depend upon the position of the atom  re la tiv e  to the o ther la ttice  a tom s. It is  
147thought, how ever, that in te rs ti t ia ls  anneal out below room  tem p era tu re  so  tha t the
lev e ls  c rea ted  by a room  te m p era tu re  im plantation a re  p r im a rily  connected with the
vacan c ies . The gallium  vacancy produces a level 0 .19 eV above the valence band,
the phosphorus vacancy a level 0 .07  eV below the conduction band. The energy  levels
caused  by d ivacancies a re  unknown at p re se n t. Vacancy com plexes with o ther la ttice
atom s, including the te llu riu m  dopant (E^ -  0 .09 eV), w ill produce even m ore  lev e ls
e .g .  2Te^ and 3 Te^ which a re  d iscussed  in the annealing section  (6 .3 .3 .2 ) .
123Toyam a and Ikoma have suggested  that a level (E^ -  0.15) eV found in GaAs is  
produced by a  com plex containing two a rse n ic  a tom s. The experim en tal 
r e su lts  in th is  w ork suggest tha t the 0.19 eV level m ay
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be a com plex containing two phosphorus vacancies. S im ila r types of cen tre  m ay, 
therefore^ be responsib le .
6, 2 .1 .4 .  C om parison with o ther w ork
In m ost cases  the type of dam age cen tre  responsib le  fo r a p a rtic u la r  deep level
is  unknown and the lev e ls , toge ther w ith som e of th e ir  p ro p e rtie s , a re  sim ply
12 13rep o rted . The levels  found by B. L, Smith and those by E. F ab re  et al, who
both used  TSC techniques, a re  lis te d  in the following tab le (6.3) together with
the levels m easu red  in th is  w ork. B. L. Smith used  LEG grown T e-doped and
16 17 3liquid phase ep itax ia l grown (LPE) S-doped 10 -  10 /c m  m a te ria l, E. F . F ab re
17 3et a l exam ined L. E. 0 . grown, Te, Se, and S doped 10 /c m  m a te r ia ls ,  (in both 
th e se  case s  only the leve ls  found to be p resen t in the Te-doped and undoped 
m a te r ia l have been included in the tab le ), w hilst the G ap  used  in th is  w ork w as also  
LEG grown Te-doped, but com pensated with chrom ium .
Only the  re s u lts  from  the sem i-in su la tin g  m a te ria l a re  given as the deep energy 
levels  in  the o ther m a te r ia ls  a re  s im ila r  (tab les(6 .1 .,  6. 2)).
C om parison of energy level values with values rep o rted  in the li te ra tu re
B. L, Smith E. F ab re T his work
0.19
0.22
0 .27 0 .27 0.24
0.36 0.35
0.43 0.43 0 .4
0 .5 0 .48
0 .57 0. 56
0 .64 0 .64 0. 61
0. 72 0.72 0. 75
0. 8
0. 93 0 .9
Table (6,3)
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The th ree  se ts  of energy  level vaines a re  s im ila r .  The defects
■which w ere  found in the p a r tic u la r  m a te ria l which was used  a re , th e re fo re ,
s im ila r  to those found in LEG grown T e-doped GaP genera lly . The re la tiv e
concen trations of defects, how ever, would be expected to vary .
Some of the o ther au thors who have m easu red  deep leve ls  in G aP a re  
• 124K am ath and Bowman, who rep o rted  an accep to r level at 0. 35 eV in vapour phase
125n-type m a te ria l (c. f. the (E^ + 0.35) eV level in th is w ork), and Young and B ass  ,
who showed th e re  w ere  donor lev e ls  a t (E ^ - 0. 2)eV, (E^ -  0. 25) eV, (E^ -  0,47) eV
and (E^ -  0. 55)eV in sem i-in su la ting  m a te ria l (c. f. the (E^ -  0,19) eV; (E^ -  0.22) eV
and (E^ -  0. 61)eV levels  in th is  work) which they a ttribu ted  to oxygen com plexes.
Again th ese  leve ls  a re  v e ry  s im ila r  to those in the ta b le ,
As f a r  as  I am aw are th e re  a re  no rep o rted  m easu rem en ts of the energy
levels  in troduced in to G aP  by p ro ton  im plantation, although the change in
conductivity and optical absorption a fte r  bom bardm ent has been investigated .
Logan^^^ exam ined the effects of y  rad ia tion  (Co^^) on G aP E L  diodes and found that
127n o n -rad ia tive  donor trapp ing  cen tre s  w ere  in troduced. H. Schade e t al e lec tro n
irrad ia tio n  (1 MeV) GaAs. P  E L  diodes and d iscovered  that as the phosphorous ' 1 -x  x
content in c reased  (up to a m axim um  of x  = 0, 5) the leve ls  produced becam e deeper,
lying in  the rag e  0, 2 0 ,35 eV,
128A ukerm ann l i s t s  the energy levels  introduced into GaAs by e lec tro n , o r
1297 , and neutron  irrad ia tio n  w hilst C oates and M itchell have exam ined neutron
irradiated GaAs, see table (6 ,4),
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E nergy leve ls  introduced into GaAs 
by d ifferen t types of rad iation .
Type of rad ia tio n  
E lec tro n  o r  y
N eutron rad ia tion
N eutron
L evels
E -  0.13c
E -  0 .38  c
E -  0. 52 c
E « 0,1 c
E -  0. 5 c
E + 0 . 6V
E + 0 .35V
E + 0. 73
— y. ______
A uthor
A ukerm ann128
Coates and M itchell 129
Table (6.4)
F ro m  Aiiærmami’s re su lts  it would appear that som e of the leve ls  
in troduced a re  s im ila r , independent of the type of bom bardm ent (com pare the 
E^ -  0 ,13 , E^ ~ 0 .1 , and E ^ ~ 0 .52 , E^ ~ 0. 5 eV levels  ) although In the c a se  of 
the neutron  irrad ia tio n  one level (and in Coates and M itchell’s w ork se v e ra l 
levels) c lo se r  to the valence band is  also  c rea ted .
The E^ + 0.3 5 eV and E^ + 0. 73 eV levels found in  neu tron  bom barded 
selen ium  doped GaAs a re  v e ry 's im ila r  to the E^ + 0 .4  and E^ + 0. 75 eV lev e ls  in  
th e  sem i-in su la ting  GaP. The annealing re su lts  section  (6. 3 .3 .)  im ply that 
gallium  vacancies coim ected with the te llu riu m  dopant a re  responsib le  fo r th ese  
la t te r  lev e ls , so that the sam e type of c en tre s , but connected with the selen ium  
dopant m ay be responsib le  fo r  the GaAs lev e ls . In the appendix the poten tial 
energy between two charged  atom s on d ifferent la ttice  s ite s  has been calcu la ted . 
It is  in te res tin g  to note that the values obtained in  se v e ra l c a se s  a re  in good
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agreem ent with the values of the energy levels  m easu red , possib ly  indicating
the positions of the atom s which malie up the trapping  cen tre s .
6. 2. 2. C apture c ro s s -se c tio n s
6, 2. 2 .1 . Types of cen tre  
117Lax has calcu la ted  the following s iz e s  fo r the cap tu re  c ro s s -se c tio n s  of
rep u ls iv e , neu tra l and a ttrac tiv e  cen tre s .
repu lsive  10 -  10 cm ^
-17  -15 2n e u tra l 10 -  10 cm
5 —12 2a ttrac tiv e  10 -  10 cm
The a ttrac tiv e  cen tre s  can be e ith e r
-15  -14  2sing ly  charged  10 - 5 x 1 0  cm
-14  -12  2o r  ’’giant" tra p s  5 x 1 0  -  10 cm
The "giant" tra p s  m ay be produced by
1) doubly o r  even tr ip ly  charged  cen tre s
2) c lu ste rin g  of cen tre s
3) excited s ta te s  of c e n tre s . C en tres  with a long range Coulomb a ttra c tiv e
117potential p o sse ss  a s e r ie s  of such s ta te s  . C a r r ie r s  cap tu red  into an 
excited  s ta te  m ay lo se  th e ir  energy by multiphonon tran s itio n s , o r by 
the em ission  of rad ia tion .
C om parison of the experim ental c ro s s -se c tio n s  with the values of Lax 
suggests that in the sem i-in su la ting  m a te r ia l the tra p s  which produce the 
0 .19  eV level a re  a ttrac tiv e  and singly charged 
0 .22  " " " n eu tra l
0 .24 " " M M
0.35 " " ’’ a ttra c tiv e  and "giant"
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0 .4  eV level a re  a ttrac tiv e  and "giant"
0 .48  M II It II It II
0.61 " " " " " "
0. 75 " " " neu tra l o r  a ttrac tiv e  and singly charged.
S im ilarly  from  the TSC re su lts  on the m edium  and low re s is tiv ity  m a te r ia ls  
the tra p s  which produce the
0. 59 eV level a re  a ttra c tiv e  and "giant" (medium)
0.71 " " " " " " (medium)
0.45 " " " " " singly charged (low)
The c ro ss -se c tio n s  fo r  the singly charged  c en tre s , a re  s im ila r  to those 
rep o rted  fo r e lec tron  tra p s  in GaAs. Ralph^^^ com puted a value of 1 .1  x  lo" '^^cm ^ 
(at a te m p era tu re  of 197^k) w hilst C arb a lles  and Lebailly^^^ quote 2. 5 x  10 cm ^ 
(at 293^k). Saunders and Jew itt^^^ re p o rt values as la rg e  as 10 ^^cm ^ (for trapping  
c en tre s  in GaAs) which is  over an o rd e r  of m agnitude g re a te r  than the la rg e s t 
tra p s  found in  th is w ork,
6. 2 .2 . 2. V ariation  of the cap tu re  c ro s s -se c tio n s  with te m p era tu re
The cap ture c ro s s -se c tio n  of a tra p  v a r ie s  as an in v e rse  function of 
—nte m p era tu re  i. e. S^ ,^ a  T . Using K eating’s analysis section  (4 .2 .4 ) the v a ria b le  
n w as found to  lie  in  the range 2. 9 —' 4. 5. At low te m p era tu re s  th e re fo re , the 
p robability  of filling  all the tra p s  is  la rg e , and as the te m p e ra tu re  is  ra is e d  the 
p robability  of c a r r ie r s  being re - tra p p e d  d ec re a se s .
133The tem p era tu re  coefficients a re  s im ila r  to those found in Bern ski fo r  
tra p s  in silicon , w here n had values up to 4. The la rg e r  tra p s  also  have the la rg e s t 
te m p era tu re  coefficients suggesting that they might be m ade up of groups of s im p le r  
defects.
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6. 2. 3. O bservations from  the capacitance-frequency  re su lts  
6. 2 .3 .1 .  Q uantitative indication of the num ber of trapping  cen tres
Exam ining the capacitance-frequency  m easu rem en ts  m ade on both unim planted 
low and m edium  re s is tiv ity  m a te r ia ls , f ig u re s (5.4, 5 .3 ), the "step"  effect produced 
in  such case s  ind icates tha t at le a s t two deep energy lev e ls  a re  p resen t in  the 
specim ens (section 3 ,4 .4 .  5. ). In the ca se  of the im planted low re s is tiv ity  m a te ria l 
th is  "step"  effect is  no longer observed , but ra th e r  a  g radual d ec re a se  in 
capacitance as the frequency is  inc reased . T his im plies that o the r energy leve ls  
have been introduced into the bandgap which respond at com parable  frequencies.
The im planted, m edium  re s is tiv ity  m a te ria l, shows the sam e so r t of behaviour 
but to a le s s e r  extent. In each case  the im planted m a te ria l has a low er value of 
capacitance than the corresponding  unim planted m a te ria l, indicating a la rg e r  
depletion reg ion , and that som e com pensation has taken place,
6. 2. 3. 2. M ajority c a r r i e r  m easu rem en ts
The m ajo rity  c a r r i e r  concen tra tion  a fte r specim ens have been bom barded 
w ill depend upon the types of c e n tre s  introduced and th e ir  position  in the bandgap.
An in c re a se  in  the num ber of donors in the top half of the band gap w ill 
in c re a se  the m ajo rity  c a r r i e r  concen tration  and be re flec ted  in the m easu red  value 
of capacitance. A cceptor lev e ls , how ever, w ill be em pty provided they a re  above 
the F e rm i level. T hese  neu tra l trapp ing  cen tre s  w ill not be detected.
Donors below the F e rm i level, w ill be neu tra l and not detectab le w hilst 
accep to rs , below the F e rm i level, w ill reduce the c a r r i e r  concentration.
Low frequency C-V m easu rem en ts  section  (5 ,4 .3 ,)  Indicate, th e re fo re , that 
the in c re a se  in c a r r i e r  concen tra tion  a fte r  im plantation may be caused by
1 6 7
1) deep donors being in troduced  e ith e r  into the upper half of the band gap 
o r  Into the low er half, o r  both.
2) deep accep to rs  being in troduced e ith e r into the top half of the band gap
(and so a re  not detected) o r  if they a re  in troduced into the low er half of
the band gap, it is  w ith a low er in troduction ra te  than donors into the
upper half.
134G rim shaw  has found that the e lec tro n  irra d ia tio n  of GaAs produced deep
accep to r cen tre s  in  the top half of the  band gap, and deep donors in  the bottom
half. The re su lts  p resen ted  h e re  m ay be in te rp re te d  in  the sam e way.
M easürem ents at high frequencies show that shallow  accep to rs  a re  in troduced
by the im plantation which com pensate the  shallow donors.
6. 2. 3. 3. C a r r ie r  rem oval
Copeland m easu rem en ts  suggested  that the m a jo rity  c a r r i e r  concen tra tion
due to shallow donors had dropped below 5 x 10^"  ^ cm  ^ in  a ll th e  im planted
specim ens, I-V  m easu rem en ts  showed that the re s is tiv ity  of the bom barded
6reg ion  had in c reased  to 2 x 1 0  O om  in  the case  of the low re s is tiv ity  (0.1 Q cm )
m a te ria l and to 5 x  10^ cm . in  the case  of the m edium  re s is tiv ity  (50 cm . )
m a te ria l, confirm ing the low m ajo rity  c a r r ie r  concentration  values. The c a r r i e r
rem oval ra te  i. e. the reduction  in the  num ber of m a jo rity  c a r r i e r s  p e r  im planted
proton w as estim ated  by assum ing that in  the bom barded reg ion  the m a jo rity
14 2c a r r i e r  concen tration  w as 5 X 10 /c m  . Then the  reduction  is  approxim ately
17 3 15 33 X 10 /c m  fo r the  low re s is tiv ity  m a te r ia l and 1. 5 x  10 /c m  fo r  the m edium
re s is tiv ity  m a te ria l. Dividing, in  each case , by the pro ton  dose the fig u res  in
tab le  (6.5) w ere  obtained. The tab le  also  shows fo r com parison  c a r r ie r  rem oval
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r a te s  fo r proton im planted GaAs a s  rep o rted  in the lite ra tu re ,-
C a r r ie r  rem oval ra te s
M ateria l C a r r ie r
Rem oval
R ate
Energy
(keV)
R eference
Low re s is tiv ity  
G aP. T e doped
4
. 3 x 1 0 15 T his w ork
Medium 
re s is tiv ity  G ap 
T e  doped
7.5  X lo'^ 400 T his w ork
n-type GaAs 48  X 10 60 157
n -ty p e  GaAs 44 x 1 0 150 157
n-type GaAs 44 x 1 0 150 154
Table(6. 5.)
The s im ila rity  of the c a r r i e r  rem oval r a te s ,  suggest that the sam e p ro c e sse s
a re  responsib le  fo r the  production of sem i-in su la tin g  reg ions in  both GaAs and G aP,
6p3 Trapping cen tre  concentration  m easu rem en ts
6, 3 .1 . T rapping cen tre  concen trations as a function of proton dose
6, 3 ,1 ,1 .  R esis tiv ity  and TSC m easu rem en ts
The re s is tiv ity  of the im planted reg ion  is  shown as a  function of dose
figu re  (5,17) toge ther with s im ila r  re s u lts  on low re s is tiv ity  m a te ria l by 
11S p itzer and North section  (5. 5 .2 .1 .  ). In both se ts  of re su lts  th e re  is  an in itia l
7 8 12 2 in c re a se  in the re s is tiv ity  by a fac to r of 10 -  10 ^  cm a t doses of — 10 / cm  ,
14 2followed by a fu r th e r  in c re a se  in the  dose range 5 x 1 0  /c m  , T h is fu r th e r  
in c re a se  m eans tha t the re s is tiv ity  of both m a te ria ls  approaches the in tr in s ic  
re s is tiv ity  ofGaP^which is  5 x  10^^ Q cm . The m a te ria l u sed  by S p itzer and North 
w as n-type (Se doped) and p-type Zn doped LEG G aP with doping concen trations
1 6 9
1 7  3in the reg ion  of 10 /c m  . They obtained the sam e re s is tiv ity /d o se  curve with
each type of m a te r ia l. In th is  w ork sem i-in su la tin g , but containing Te, LEG
grow n m a te r ia l w as used . The sam e behaviour fo r  d ifferen tly  doped m a te r ia ls
suggests that sim ple defects such as  m ay be responsib le  fo r the
in c re ase  in re s is tiv ity .
The TSC re s u lts  section  (5. 5. 2. 2, ) and figu re  (5.19) ind icate that fo r low 
12 2dose im plants 10 /c m  the cen tre s  producing the 0. 61 eV level a re  dom inant
suggesting that th e se  cen tre s  m ay be responsib le  fo r the p lateau  Tegion of
12 13 2re s is tiv ity  in the dose range 10 - 5 x 1 0  / c m .  O ther cen tre s  re su ltin g  in
' 13 14 2levels  a t 0 .19 eV and 0 ,24 eV only becom e im portant in the range 10 -  10 /c m
and, th e re fo re , appear to  be connected with the fu r th e r  in c re a se  in re s is tiv ity ,
14 2At h igher p ro ton  doses 10 /c m  , all the in troduced cen tre s  have been  reduced
substan tia lly  in  num ber, except those asso c ia ted  with the 0. 61 eV and 0 .4  eV
1 evels. The reduction  could ind icate  the p re fe ren tia l production of m o re  com plex
cen tre s . No new  lev e ls , how ever, w ere  detected at the h ighest dose im planted,
but th is  does not exclude the p ossib ility  that levels shallow er than 0 ,19 eV o r
deeper than 0 .75  eV re s u lt  fro m  the associa tion  of the t r a p s ,
135Dyment et a l have m e asu re d  the  re s is tiv ity  q î p -type GaAs as a  function
of pro ton  dose and although th e re  is  no evidence of a p lateau reg ion  (the low est
dose being 10 ^^ /cm ^^, the re s is tiv ity  does reach  a m axim um  fo r  a  dose of 3 x  1 0 ^ ^ / 
2cm  .
154F o r the pro ton  bom bardm ent of n-type GaAs P runiaux et a l found a 
m axim um  in  the reg ion  3 x 10^^ -  10^^ p c m . depending upon the in itia l re s is tiv ity  
of the s ta rtin g  m a te ria l. No low er doses w ere  exam ined. The e le c tr ic a l 
re s is tiv ity  of proton bom barded m a te ria l appears to be s im ila r , (therefore) fo r
th ese  m a te r ia ls  im plying tha t the type of dam age is  a lso  s im ila r .
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The build up in the num ber of dam age cen tre s  with dose is  su b -lin e a r  o r
13/  2l in e a r  in the ca se  of the  0 .19  and 0. 61 eV leve ls  up to a dose of 10 /c m  . Above
th is  value the num ber of cen tre s  fa lls  below a lin ea r  in c rease . In the ca se  of the
14 20. 75 eV level the in c re a se  is  su p e r- lin e a r  up to 10 /c m  . T he g en era l shape of
the  0 .19 and 0. 61 eV dose cu rves is  s im ila r  to the dam age/dose  curve of C a rte r
136et al who im planted 20 keV Te ions into Gap,- and s im ila r  to that of H askell
137et al a fte r  Zn and Se im plants into G ap. In both ca se s  BBS techniques
+ 10 (2 MeV He ) w ere  used  fo r the ana ly sis . M orehead and C row der have proposed
a  m odel fo r the fo rm ation  of am orphous s ilicon  in which a c r it ic a l point defect
density , produced by the  a r r iv a l of p revious ions, is  req u ire d  befo re  the dam age
surrounding a single ion tra c k  w ill becom e am orphous. The way in which dam age
builds up in  a c ry s ta l as  a  function of ion dose w ill be affected, by th is  point
defect density . If the  dose req u ire d  to produce the c r it ic a l density  is  not too
d ifferen t from  the dose req u ired  to produce sa tu ra tio n  dam age then the m odel
p red ic ts  a  slow v a ria tio n  of dam age with dose, followed by a lin e a r  o r  su p e r- lin e a r
+r i s e  to sa tu ra tion . Although in  the case  in  question (H in GaP) the extent of the
dam age is  sm all, the rap id  build  up of the num ber of cen tre s  in the 0. 75 eV level 
13 2in the reg ion  of 10 /c m  does suggest that a  ce rta in  defect concen tration  is
req u ired  befo re  such ce n tre s  a re  produced.
6. 3 .1 . 2. B roadening of the energy  levels
As the dose in c reased , the positions in the band gap of som e of the  levels
appeared  to move tow ards the app rop ria te  band edge. T h is w as in te rp re te d
(section  4. 2. 5) as due to a broadening of the energy lev e ls . Over the dose range 
12 13 210 -  10 /c m  any broadening of the energy levels  was not m easu rab le  i. e. le s s
than 0. 003 eV. T able (6. 6) su m m arizes  the broadening of the lev e ls  over the dose
range 10^^ -  1 0 ^^ cm ~^.
Energy level broadening
1 7 1
Dose_2
cm
Energy 
level (eV)
l o ’ "
0 .19 0 0,012 level not detected
0,24 0 0.006 11
0.61 0 0, 018 0. 035
0. 75 0 0. 03 0.025
T able (6 .6 .)
Although the d istribu tions a re  not la rg e , the broadening of the  0.19 eV leve l at 
14 2a  dose of 10 /c m  cau ses  it to approach the 0.22 eV level found in the unim planted
15 2m a te r ia l. At a h igher dose of 10 /c m  the  0.19 eV level could not be detected . 
T h is suggests that th ese  two levels  have overlapped. If th is  also  happens to any 
o th e r shallow lev e ls  the nett re su lt  w ill be extended energy level ta ils  at the  band 
edges. The deep leve ls  a re  suffic ien tly  sep a ra te  to prevent any overlapping 
occu rring . As the dose in c re a se s , se v e ra l s tages can be defined.
(a) Simple defects.
T hese a re  produced at low doses; exam ples of which a re  V^, Ga., and P^.
The cen tre s  producing th e  0. 61 eV level m ay be connected with a p a r tic u la r  s im ple  
defect.
(b) C lu s te rs  of defects
T hese consist of sm a ll g roups of defects which a re  sign ificantly  c lo se r  toge ther
1 7 2
Band gap models of amorphous semiccnduciors
Er
I
I .
I
Density of s ta te s-—  
d) C -F -0  model : b) Mott-Davies
ÎE
: , Density of s t a t e s -------->
c) Mod el for low dose" d)Crystalline GaPproton inplanted GaP {.for comparison)from measurements . : ,
: . , . P i  g (6.1)'/ ■ .
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than would be expected If the defects w ere  d is tribu ted  at random  in  the c ry s ta l.
The effect of neighbouring defects m ay be viewed m ere ly  as a pertu rba tion^ . T h is 
w ill effectively broaden  out the energy lev e ls . The re s u lts  suggest that the c e n tre s  
responsib le  for the 0 .19 , 0,61 and 0,75eV  levels  c lu s te r  w ith inc reasing  proton dose
(c) A ssociation  of defects
In th is  case  the localized  e lec tron ic  lev e ls  belong to the group ra th e r  than the
individual atom s^. As the dose in c re ased  the 0 ,4  eV level becam e evident fo r
13 2doses g re a te r  than o r  equal to 5 x 10 /c m  . The associa tion  of sim ple  defects 
m ay be responsib le , th e re fo re , fo r  th is  level.
(d) Am'orphicity
As the sem iconductor approaches am orphicity  the band s tru c tu re  w ill change 
tow ards tha t of an am orphous sem iconductor. Two energy  level m odels have been
proposed  fo r such sem iconducto rs, th ese  a re  the Cohen- F ritz sch e-O v sh in sk y  (CFO)
138 139m odel and the M ott-D avis m odel . In the CFO m odel (figure (6 .1(a)) extended
energy  level ta ils  overlap  n e a r  the cen tre  of the band gap. T h is m eans that
conduction is  in tr in s ic  and the tran sp a re n cy  of the m a te ria l is  m uch reduced . The
M ott-D avis m odel (figure (6 .1(b)) on the  o ther hand, p roposes a narrow  band of
localized  s ta te s  n e a r the cen tre  of the band gap; conduction is  ex trin s ic  and the
m a te r ia l is  fa ir ly  tra n sp a re n t. The experim ental re su lts  obtained in th is  w ork fo r
a  sem i-conducto r which is  approaching am orphicity  suggest a band s tru c tu re  which
is  a com bination of th e se  two m odels. The shallow leve ls  b roaden  sufficiently  to
overlap  each o th e r and w ill eventually m erge  with the n e a re s t band edge. In th is
re sp ec t, th e re fo re , pro ton  im planted G ap (dose < 10^^ cm  ^) has extended energy
level ta ils  as in the CFO m odel. They do not, how ever, extend to the cen tre  of
the band gap, fo r sev e ra l b roadened deep energy levels  w ere  found. Consequently
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the  s tru c tu re  is  also  s im ila r  to the M dt-D avis m odel, but d iffers  in  having se v e ra l
deep lev e ls , ra th e r  than a s ing le  level, c lose to m id-band. The apparent band
s tru c tu re  is  shown in figu re  (6 ,1 . c) along with the s tru c tu re  of c ry s ta llin e  GaP
fo r  com parison  (figure 6 .1  d). ;
"Band ta ils " , that is , the broadening of energy levels so that they m erg e  into
the n e a re s t band edge has also  been  observed  by Pankey and Davey^^^ in neutron
irra d ia te d  th in  film s of GaAs and G ap, and by Davey et al^^ ^in argon bom barded
14 2G aP. In th is la t te r  ca se  it was shown tha t fo r an argon dose of 10 /c m  (at 1. 5 MeV)
the optical edge shift w as s im ila r  to an am orphous (cold deposited) film  of G aP.
Channelling m easu rem en ts  on GaAs a fte r  proton bom bardm ent do not show an
in c re a se  in the num ber of b ack sca tte re d  p a rtic le s , until a dose of th e o rd e r of 
16 210 /c m  (at 300 keV) have been  im planted in a random  d irec tion . The op tical 
absorp tion  effects and e le c tr ic a l conductivity changes, th e re fo re , produced a fte r  
sm a ll doses, m ust be a sso c ia ted  with sm all atom ic d isp lacem ents which cannot be 
detected  by R u therford  B ack sca tte r techniques. A channelled p a rtic le  cannot 
detect d isp lacem ents from  la ttic e  s ite s  which a re  le s s  than about 0. 2°A.
6. 3.1.3. Amorphicity.
A m orphicity can be defined in  se v e ra l w ays. M orehead and Crow der^  ^  in  
proposing a m ethod fo r  calcu la ting  the dose req u ire d  to produce an am orphous 
reg ion  assum ed  tha t such a la y e r is  one in which every  atom  has been
disp laced , that is , long range o rd e r is  destroyed .
The dose req u ire d  is  given by
D = Ednam orphous 2 \  dx /   r e f  (10)
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Ed is  the d isplacem ent energy of the la ttic e  atom , n is  the num ber of ta rg e t
( \
- — ) is  the energy-independent n u c lea r lo ss  p e r  imit
/o
path length.
An approxim ation of the N ielson equation can be used  to obtain values fo r th is 
la t te r  quantity. T hat is
( \  2/gs r j j  "  ^  h  + Mg) eV o m " ^ .............r e f  (10)
Z j, a re  the atom ic and m a ss  num bers of the im planted ion
Mg is the m hss num ber of the ta rg e t
gg is  the ta rg e t density
Taking the average of M ^^ and M^ fo r Mg
2 X 10^ eV cm ^
and using a  value of 10 eV fo r  both the gallium  and phosphorous d isp lacem ent 
en erg ies .
15 2D = 4. 5 X 10 /c m  am
'T his value Is a low er lim it as it neglects the effects of out»diffusion and
annealing. C om parison with figuré (5.18) shows that ^g^j^Q^pj^Qus
a reg ion  w here energy level broadening and overlapping is  occurring ,
142An a lte rn a tiv e  definition of am orphicity  is  given by Polk, D escrib ing  a 
s tru c tu ra l m odel fo r  am orphous s ilicon  and germ anium  he a sc rib e s  nom crysta llin ity  
to varia tions  in  bond lengths and bond angles as w ell as ro ta tion  about bonds. In 
th is  case  long range o rd e r  s til l  ex is ts . Such sm all changes would affect the optical 
and e le c tr ic a l p ro p e rtie s  of the m a te r ia l but would not be detected  by RBS techniques.
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T his definition of am orphicity , th e re fo re , is  applicable to p ro ton  bom barded G ap.
143M azey and Nelson have studied e lec tro n  d iffraction  p a tte rn s  of GaAs a fte r  
it had been bom barded with ^  5 x  lO^^cm ^ (40-100 keV) neon ions. They w ere  able 
to calcu la te , from  the diffuse D ebye-.Scherrer r ings 'su rround ing  each d iffraction  spot, 
the f i r s t  th re e  n ea re s t neighbour d is tances of the atom s in the am orphous reg ion .
The d istances w ere  to w ithin 0 .12^A of the n ea re s t neighbour d istances in 
c ry s ta llin e  GaAs, indicating tha t ’sm all atom ic d isp lacem en ts’ had o ccu rred .
6. 3. 2 T rapping cen tre  concen trations as a function of pro ton  energy
6 .3 . 2 .1 . In troduction ra te s
The to ta l num ber of atom ic d isp lacem en ts as a function of bom bardm ent 
energy can be calcu la ted  using equations (9 ,10 ,11) of section  (4, 5 .10). If it is  
assum ed  tha t fo r  each type of tr a p  the num ber of cen tre s  is  d irec tly  p roportional 
to the to ta l num ber of d isp laced  atom s, then the tra p /e n e rg y  re la tio n sh ip  w ill be 
of the sam e form  as the atom ic d isp lacem en ts /en erg y  curve. The absolute value 
fo r the num ber of tra p s  form ing any p a r tic u la r  level, how ever, cannot be calcu la ted  
un less  the k ine tics  of fo rm ation  and the  s tru c tu re  of the defect a re  known. F igu re  
(6.2) shows
1) the num ber of dam age cen tre s  producing the 0.61 eV level as a function 
of proton energy
2) as 1) but red raw n  such tha t the peak dam age concen tra tion  at each 
energy has been  norm alized , using the form ula of section  (4. 5. 9)
to the peak dam age concentration  fo r  a proton energy of 300 keV. T h is effect 
does not fully account fo r the d ifference betw een the experim en tal and 
th eo re tica l cu rves as the num ber of tra p s  s ti l l  d e c re a se s  w ith energy.
3) the to ta l num ber of d isp laced  a to m s/p ro to n  energy calcu la ted  from  
equations (9 ,10 ,11) of section  (4, 5 .10). The average num ber'o f
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d isp lacem en ts p e r  proton is  four
4) the num ber of tra p s  resp o n sib le  fo r  the ~ 0. 61 eV level assum ing
an in troduction ra te  of 0. 01 cen tre /a to m ic  disp lacem ent. T his co rresponds
to an in troduction  ra te  of approxim ately  0. 04 cen tre /p ro to n . The shape of
th is  curve is  the sam e as 3).
6 .3 , 2. 2, 2. Ionization p ro cesse s
S everal au thors have suggested  that the energy going into non -e lastic
144p ro cesse s  m ay affect the amount of dam age produced. Oen has p roposed  that 
the ionization of a la ttic e  atom  reduces  its  d isplacem ent energy  so making it m o re  
easily  rem oved from  its  la ttic e  s ite  by any following ion. On the o ther hand, P icraux  
and Vook^^^ have re p o rte d  that the energy going into non-nuclear p ro c e sse s  can 
re su lt in  the annealing of defec ts. T h e ir experim ents w ere  c a r r ie d  out w ith s ilicon . 
Ionization, th e re fo re , m ay e ith e r  re su lt in  m ore dam age being produced than 
would be expected from  pure ly  e la s tic  p ro c e sse s , o r  le s s  dam age o ccu rring  
because of annealing. The re la tiv e  m agnitude of these  two com peting p ro c e sse s  
w ill depend upon o th e r fac to rs  such as  the im plantation te m p era tu re .
Both the e lec tro n  production p ro c e ss  and the charge exchange m echanism  
w ill re su lt in  ta rg e t atom s becom ing ionized viz: -
*1* -J- WWH + X - > H  + X  + e  (e lectron  production)
*4" “f*H + X H + X (charge exchange)
G arc ia  et al have calcu la ted  the  c ro s s -se c tio n s  fo r th ese  two m echan ism s
fo r various elem ents undergoing pro ton  bom bardm ent. In gen era l, the  e lec tro n
production c ro s s -se c tio n , o' , f i r s t  r is e s  to a m axim um  at about 10 keV, a^ nd<*e. p.
1 1 then  fa lls  e ith e r as — , in  the case  of low Z ta rg e t e lem en ts, o r  as » fo r"y E
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m edium  to high Z elem ents (Z > 30). The typ ical c ro s s -se c tio n  d ec re a se s  by
a fac to r of approxim ately four to five over the incident proton energy range  of
50 -  300 keV. C harge exchange c ro s s -se c tio n s , g  ^ ^ , how ever, have a m axim um
3at m uch low er energ ies , le s s  than 1 keV, th e re a f te r  falling as l / E  .
% e.The ra tio  of the m axim um  values i . e .  — *—-  is  in  the range  5 50.O'e. p.
F o r an ion of energy  E the to ta l ionization effects caused  by the e lec tro n  
production p ro cess  w ill be p roportional to J '  -  dE o r E ^ dE i. e. to log E o r
E^. On the o ther hand the to ta l ionization effects caused  by th e  charge exchange
/ I -2“ 3 dE i. e. to E .
The experim ental cu rv es  figu re  (6, 2) show that with inc reasing  energy the to ta l
amount of dam age d e c re a se s  im plying that as the to ta l amount of energy  of the p a r tic le
which goes into in e las tic  p ro c e sse s  increases^the  amount of annealing a lso  in c re a se s .
The difference between the th e o re tic a l values, (which takes into account the
dam age produced by atom ic co llisions) and the experim ental values, is  a
m e asu re  of any ionization effects . If the quantity N,, is  g re a te r  than N thentheo ^ exp
annealing is  the predom inant effect of any ionization and at even low en erg ies  the
extent of the dam age is  le s s  than the Kinchin and P ease  m odel p red ic ts .
If, how ever, is  g re a te r  than then although annealing is  o ccu rrin g  as
the energy  in c re a s e s , the amount of dam age at the low energ ies  is  g re a te r  than the
K and P  m odel e s tim a te s .
To es tab lish  w hether the annealing is  connected with e ith e r  the charge  exchange
o r  e lec tro n  production p ro c e sse s , N,, -N  and N -  N,, w ere  p lo tted  as ^ . theo exp exp theo ^
—2 1functions of E , LnE and E^ figu re  (6.3). Any co rre la tio n  which ex ists  should 
re su lt  in a s tra ig h t line g raph . As the absolute value of is  not known
section  (6, 3 .2 .1 .  ), a th eo re tic a l in troduction  ra te  of 0. 01 c e n tre s /d isp la c e d  atom
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w as used  in the ca se  w here N \  , and a th eo re tica l in troduction ra te  of 1 c e n tr e /exp theo '
d isp laced  atom in the ca se  w here N , \  N . N values w ere  obtained from  the datath e o /  exp exp
of figu re  (5. 20). Figure(6. 3) shows that fo r the cen tres  producing the 0. 61 eV level,
-2the b e s t fit is  obtained when N -  K , is  p lotted against E . T his w as foundexp theo
to be independent of the  value chosen fo r  K , provided N > N , . T histheo ^ exp theo
ind icates tha t at low en e rg ies  m o re  c e n tre s  a re  in troduced  than the K and P  m odel 
p red ic ts  and that the charge  exchange m echanism  is  re sp o n sib le  fo r the in c re a se  in 
annealing as the pro ton  energy in c re a se s . A s im ila r  re su lt was obtained fo r the 
cen tre s  producing the 0 ,19  eV level, w hilst the trapp ing  concen tra tion /energy  
re la tio n sh ip  fo r the 0. 75 eV lev e l did not c o rre la te  with any of the energy  functions.
6 .3 . 2. 3. Types of trapp ing  cen tre
Table (6,. 7) l i s ts  the m ean re c o il energy, the p rim a ry  c ro s s -se c tio n  (g-^) 
and the num ber of secondary  d isp lacem en ts (rounded down) as a  function of pro ton
energy  fo r both gallium  and phosphorus atom s. The values w ere  calcu la ted  from
equations (9, 10, 11) of section  (4 .5 .10 )
The p rim ary  c ro s s -se c tio n , m ean reco il energy, and num ber of secondary  
d isp lacem ents fo r  both gallium  and phosphorus atom s as a function of 
incident pro ton  energy
-^-------------
P ro ton
Energy
(keV)
G allium Phosphorus
2M ean r e -  q- (cm ) 
co il energy ^
(eV)
No. of 
secondary  
d isp lace­
m ents
2Mean r e -  q. (cm ) 
coil energy  ^
(eV)
No. of 
secondary 
d isp lace­
m en ts
50 50.69 1.92x10"^® 2 57. 59 -181.0x10 3
100 56. 72 -199.62x10 3 63.65 -195.16x10 3
150 60.26 -196.41x10 ^ 3 67.2 -193.44x10 3
200 62. 78 -194.81x10 3 69. 73 -192.58x10 3
250 64. 73 -193. 85x10 3 71.68 “192.06x10 4
300 66. 33 -193.2x10 3 73.29 1. 72x10“^^ 4
Table (6. 7)
1 8 2
The ra tio  of the p rim ary  c ro s s -se c tio n s  I............. ..1 is  approxim ately  1. 9.
\T )  /
Gallium  atom s, th e re fo re , have a g re a te r  probability  of being d isp laced  in  a 
p r im a ry  collision . The num ber of secondary  d isp lacem ents, how ever, is  slightly  
h igher fo r a reco iling  phosphorus atom (assum ing that both e lem ents have the sam e 
E d). On average a proton in the energy ran g e  50 -  300 keV w ill produce four vacancies, 
with the corresponding in te rs ti t ia ls .  The vacancies can
a) rem ain  as sep a ra te  sing le  vacancies
b) c lu s te r  into a group
c) asso c ia te  to fo rm  stab le  com plexes
d) recom bine with th e ir  s e lf - in te rs ti t ia l
e) a sso c ia te  to form  com plexes which anneal out at the te m p era tu re  at which 
the im plantation takes p lace.
S im ilarly  the in te rs ti t ia ls  can
a) diffuse through the la ttic e
b) anneal out or com bine to fo rm  com plexes which anneal out a t the 
im plantation te m p era tu re
c) asso c ia te  to fo rm  stab le  com plexes o r c lu s te r
d) com bine with the self-vacancy
147D iscussing  the annealing behaviour of GaAs, W eisenberger et al suggest 
that in te rs tit ia ls ,  v aca n cy -in te rs titia l p a irs  and AB divacancies anneal out below 
room  te m p era tu re , w hilst m ono-vacancy annealing takes p lace above room  te m p era tu re . 
If the in te rs tit ia ls  in G aP behave in the sam e way, then fo r room  te m p era tu re  
im plantation it is  the vacancies w hich w ill predom inate as s tab le  dam age c e n tre s .
A s im ple  m odel can then be proposed. A ssum e that th e re  is  equal probability  tha t 
the p rim ary  d isplacem ent w ill be a gallium  o r  a phosphorus atom . Then the 
probability  of producing a o r  is  a half. S im ilarly  the f i r s t  secondary
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disp lacem ent m ay be e ith e r  a gallium  o r  a phosphorus atom , so that the
probability  of producing 2 V o r 2 V is  then a q u a rte r, and of one andGa p Ga
one is  a half. T h is  trea tm e n t can be extended to any num ber of d isp lacem ents
but as the average num ber (for 50 -  300 keV protons in GaP) is  four, only fou r w ill
be considered  h e re . If it is  a lso  assum ed  that com plexes such as -  V ^G a G a
a n d  V „ -  V „ -  (but not -  V o r o ther m ixed divancies which Ga Ga Ga Ga p
anneal out of low te m p era tu re s) can ex ist and a re  stab le , then the probability  that 
a p a r tic u la r  grouping w ill occu r can be calcu la ted  from  the to ta l num ber of 
com binations. F u rth e r , if recom bination  is  tre a te d  as  ye t another possib ility  
then the probability , fo r  exam ple, that one vacancy w ill recom bine and the rem a in d e r 
stay  in a c e rta in  com bination can a lso  be calcu lated . Table (6. 8) l is ts  the 
probability  th a t single vacancies and o the r groups w ill be produced, f irs tly  
assum ing no recom bination, then that one v aca n cy -in te rs titia l p a ir  recom bine 
and so on. The probability  of obtaining a given type of cen tre  is  sim ply the 
in troduction ra te  fo r tha t cen tre , th e re fo re , the experim entally  determ ined  dam age 
cen tre  introduction ra te s  a re  given fo r com parison.
It can be seen  th a t a t the low er proton energy of 75 keV (where the 
to ta l energy going into e lec tro n ic  p ro c e sse s  is  s m a l l ) ,  .. ,
the introduction ra te  fo r the cen tre s  responsib le  fo r the 0.61 eV level is 0 .43 . 
C om parison with the calcu la ted  values suggests that th ese  cen tre s  m ay be 
connected with a o r V^. At the h igher proton energy of 300 keV, w here som e 
annealing is  taking p lace, th e re  is  good agreem ent between the  experim ental 
value of 0.11 and the calcu la ted  value of 0 ,17  which is  the in troduction ra te  
for V ^ ^ o r  Vp assum ing tha t one vacancy recom bines. The introduction 
(at 300 keV) of the cen tre s  producing the 0. 75 eV level suggests that they also
184
m ay be connected with o r V . In the case  of the c e n tre s  re sp o n sib leGa p
fo r the 0 .19 eV level, the in troduction  ra te s , at 75 keV of 0. 073 and at 
300 keV of 0. 021, m atch  those fo r a divacancy (0. 07 and 0. 026) in which 
f i r s t  one and then a second vacancy recom bines. F rom  o th e r m easu rem en ts  
m ade on th ese  cen tre s  it is  known that they have a cap tu re  c ro s s -se c tio n  
of 1. 08 X 10 cm ^, which co rresponds to a tra p  d iam eter of approxim ately  
12^A. As the la ttice  constant is  5.45°A , th is again suggests a divacancy 
o r  a com plex consisting  of a di vacancy and one substitional atom . F u rth e r , 
the c e n tre s  have been shown to be donors, indicating tha t the phosphorus 
vacancy m ay be involved.
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T h eo re tica l Introduction R ates
T;^q)e of Introduction In tro , r a te  if In tro , ra te  if In tro , r a te  i
c en tre ra te  with no one p a ir  also 2 p a irs 3 p a irs
recom bination recom bines recom bine recom bine
0 .5 0 .17 0.053 0.05
^ G a ' ^ G a )
0 .25 0 .07 0.026 -
y  _ y  _ y  Ga Ga Ga
V -  V -  V P P P '( 0.1 0. 035 - -
•* P ro ton  energy
75 keV 300 keV
C en tres  (level 0.19) 0.073 0.021
(level 0.61) 0.43 0.11
(level 0. 75) 10.00 0.48
T able (6. 8)
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6 .3 .3 .  Trapping cen tre  concen tra tions as a function of annealing te m p era tu re  (T ^ ) 
6 .3 .3 .1 .  Low T em p era tu re  Region (T ^  = 20 -  2 0 0 ^ 0
A genera l fea tu re  of the low annealing te m p era tu re  reg ion , a reg ion  in which 
no encapsulant was used , is  tha t the concentrations of the m a jo rity  of the c e n tre s  in 
the bulk unim planted m a te r ia l in c re a se  with T ^ . In the im planted m a te ria l, how ever, 
the cen tre s  (0.19) and (0. 61) d ec re a se  with inc reasing  T ^ . A possib le  explanation 
is  that with inc reasing  T ^  new c e n tre s  a re  produced in both c a se s . In the 
unim planted m a te r ia l tra p s  of the sam e type a re  c rea ted , the concen trations of w hich 
although in c reasin g  a re  s ti l l  re la tiv e ly  low; w hilst on the im planted m a te ria l, 
m o re  com plex’tra p s , a r e  genera ted , the num ber of cen tre s  (0.19) and (0.61) being 
reduced  as they a sso c ia te  to fo rm  the new com plexes. The dose dependence cu rves 
of figu re  (5.19) show tha t with in creasing  dose the num ber of cen tre s  of a p a r tic u la r  
type d ec rease .
In both c a se s  (unim planted and im planted m a te ria l) the enhancem ent of the 
defects m ay be caused  by su rface  re la te d  effects. As T ^  in c re a se s , should Ga o r  P  
atom s diffuse to the su rface  in sufficient num bers, la rg e  concen trations of defects m ay 
re su lt . An a lte rn a tiv e  explanation is  tha t the annealing c h a ra c te r is tic  of the su rface  
reg ion  m ay be d ifferen t to tha t of a reg ion  which is  bu ried  in  the m a te ria l.
The difference in annealing behaviour, th e re fo re , m ay be e ith e r  a dose 
dependence effect, o r  it m ay be a su rfa c e /b u rie d  la y e r effect. The re s u lts  do show 
d irec tly , how ever, that even a t low annealing tem p era tu res  changes occur in the 
m a te r ia l c lose to the su rface . Im plantation of the su rface  reg ion  should th e re fo re  be 
avoided, although an encapsulant which can be applied without heating the su b s tra te , 
such  as evaporated  SiO , m ay reduce su rface  effects. N orm ally encapsulants a re  
em ployed for T ^  ^  500^0.
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6 .3 . 3. 2. High te m p era tu re  reg ion  (T ^ = 430 -  650^C)
In the bulk m a te ria l the concen tration  of the cen tre s  (0. 4) and (0. 61)
all in c re a se  in th is te m p era tu re  range, as do the cen tre s  (0,4) and (0. 75) in
the im planted m a te ria l. All o ther trapp ing  cen tre s  anneal out, except fo r  the
149cen tre s  (0,48) whose concen tration  value s tays  fa irly  constant. D ishm an et al
have rep o rte d  a com plex of the form  -  2 Te in  T e-doped LEG grown G aP,Ga P
having an energy level of + 0. 7 eV. T his com pares favourably with the level 
a t Ey + 0, 75 eV found in th is w ork, D ishm an proposed tha t as  the te m p era tu re  
in c re a se s  th is  com plex can "p a ir"  with a fu rth e r  tu llu rium  atom to give a n eu tra l 
com plex with an energy level at E ^ + 0 ,4  eV,
< ^ G â  +  T e "  ^  (V q- 3 T e /
The annealing behaviour of the  ce n tre s  (0.4) suggest that they a re  produced by th is 
neu tra l complex. The cen tre s  (0, 75) and (0.4) a re  probably both, th e re fo re , gallium  
vacancy and substitu tional te llu riu m  com plexes.
The num bers of gallium  vacancies can be in c reased  by pro ton  bom bardm ent 
but o the r m echan ism s, involving the te llu riu m  atom s m ust also o p era te  in o rd e r  
to c re a te  the V ^ 2 T e ^  c e n tre s . The num bers of gallium  vacancies produced m ay 
be enhanced by ionization p ro c e sse s  but sufficient te llu rium  atom s m ust also  be 
availab le. In o rd e r  that two te llu riu m  atom s should occupy adjacent phosphorus 
s ite s , the te llu riu m  m ust be d isp laced  from  its  o rig inal position  and diffuse through 
the lattice,, The num ber of te llu riu m  atom s displaced by atom ic p ro c e sse s , how ever,
w ill be negligible and it is  probable th a t , like o the r donor im p u rities  such as tin
148 -15 2 ”1and su lphur, it has a low diffusion coefficient of le ss  than 10 cm  sec  .
P ossib le  explanations a re : -
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a) the p r im a ry  co llis ion  c ro s s -se c tio n  of a Te atom is la rg e r  than that 
of a  gallium  atom  (in the ra tio  1 .4  : 1 at 300 keV) and the energy needed to ionize 
an ou te r shell e lec tron  is  s im ila r  to that of a phosphorus atom ^^^.
T ellu rium  atom s, th e re fo re , m ay becom e ionized during pro ton  bom bardm ent 
and so be m o re  read ily  d isp laced . Subsequently they m ig ra te  through the la ttice , 
th e ir  m obility being in c re a sed  because  of the rad ia tion  dam age, un til they a re  
a ttra c te d  by a One such atom  could then fill an adjacent phosphorus vacancy
o r  rep lace  an adjacent phosphorus atom to fo rm  the V ^ T e ^  com plex. This c en tre  
then a ttra c ts  a second ionized te llu riu m  atom .
b) A v a ria tio n  on the explanation above. The gallium  vacancies diffuse
through the la ttic e  because  of th e ir  enhanced m obility caused by the  rad ia tion
dam age. A V  is  cap tu red  by an ionized te llu rium  atom  which has not been Ga
d isp laced  from  its  la ttic e  s ite . Then as befo re , a second te llu riu m  atom is  
a ttrac ted  to the group.
c) L arge  num bers of in te rs ti t ia l  te llu riu m  atom s a re  p resen t in  the  as
m anufactured  m a te ria l. T hese  rep la ce  phosphorus atom s during bom bardm ent
and com bine with ,Ga
It is  not possib le  to deduce from  any of the experim ents c a r r ie d  out which, 
if any, of these  explanations is  c o rre c t .  The fea tu res  they have in com mon how ever, 
a re
1) the te llu riu m  atom s and gallium  vacancies a re  m obile. T his is  supported  
by the dose dependence re su lts ,  figu re  (5.19) which shows tha t the -  2 T e^ 
c e n tre s  a re  p rim a rily  produced in the range 10 -  10^^/cm ^. T his is  the
reg ion  in  which the m a te r ia l is  s ta rtin g  to becom e am orphous and overlapping of 
the individual d isp lacem ent tra c k s  is  beginning to o ccu r, th e re fo re  prom oting 
diffusion.
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2) an in term ed ia te  cen tre , nam ely V ^ T e ^ ,  ex ists  which has the following 
p ro p e rtie s  : -
i) is  connected with the gallium  vacancy. It w ill be introduced, th e re fo re  
by im plan tation .
ii) has a la rg e  cap tu re  c ro ss -se c tio n ,
and iii) has a high in troduction ra te  a t low proton doses,
A cen tre  which fu lfils th ese  req u irem en ts  is  the one resp o n sib le  fo r  the
(E^ -  0,61) eV level. A fu r th e r  indication that th is  band is  connected with T e and
is  that its  annealing behaviour is  s im ila r  to that of the 2 Te cen tre s .Ga Ga p
6 .3 , 3. 3. Encapsulation reg ion  (T^  = 200 -  430^0)
6. 3 .3 . 3 .1 . Annealing re su lts
A possib le  explanation fo r the re v e rs e  annealing in  th is  reg ion  is  tha t as the 
te m p era tu re  is  ra is e d  from  20° C to 200°C new com plexes etc a re  produced 
(section  (6 .3 .3 .1 )  whose component p a r ts  a re  m ade up of the cen tre s  a lread y  p resen t. 
The num ber of cen tre s  at the leve ls  in question, th e re fo re , d ec re ase  with in c reasin g  
te m p era tu re . At h igher te m p e ra tu re s , however, th ese  new com plexes begin to 
b reak -u p  and the o rig ina l c en tre s  a re  produced once m ore . The cen tre s  then 
anneal out at much h igher te m p e ra tu re s  3 0 0 -  650°C,
C onsidering the unim planted specim ens, a 300°0 anneal d ec re a se s  the 
concentrations of the c e n tre s  (0.19), (0.22) (0, 24)(0. 35) and probably the cen tre  
(0 .61). C en tres  genera ted  in the 20 - 200°C region, a re  e ith e r s ta rtin g  to anneal 
out, o r  the encapsulant has reduced  any su rface  effects. It is  possib le that the 
in c re a se  in  the num bers of c en tre s  in the im planted specim ens, fo r T = 200-430°C 
is  caused by the enc.ap.8ul.ationpreventingfhe m ig ration  and outdiffusion of c e n tre s .
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If as has been suggested  in  the la s t section , section  (6. 3. 3. 2, ) the 
energy levels  a re  connected with and T e^ then a m ore com plex explanation 
of th e  annealing re su lts  in  the reg ion  200°C -  430°C is  as follows.
Cam pbell et al^^^ have im planted GaP, at elevated te m p e ra tu re s , with
te llu riu m  and have shown th a t as the im plantation te m p era tu re  in c re a se s  in  the
range 20 -  850°C the amount of te llu riu m  which goes substitu tional d ec re ase s ;
w hilst above 350°C it in c re a se s . The TSC re su lts  in  the reg ion  200-430°C can
be explained if it is  assum ed  tha t the te llu riu m  dopant behaves in the sam e way
as  the im planted te llu riu m . A fter a room  tem p era tu re  im plantation, the la ttic e
w ill contain som e m onovacancies, som e in te rs tit ia l te llu riu m  and som e com plexes
such as 2 Te^, As the te m p e ra tu re  of the  subsequent anneal in c re a se s , the
substitu tional Te atom s involved in  the com plexes w ill move into in te rs tit ia l
positions. The num ber of cen tre s  involving Te sub w ill th e re fo re  d ec rease . As
the m ovem ent is  from  substitu tional to in te rs tit ia l. Te. w ill rem a in  in the
channels. At h igher te m p e ra tu re s  300 -  430°C the Te m ovem ent is  in the opposite
d irec tion , so that any Te^ which had not form ed  com plexes w ill now do so and the
151num bers of cen tre s  w ill in c re a se  again. P ie r  aux has suggested that anneals
oout a t approxim ately  260 C; th is  does not m ean, how ever, that a  contained in  
a  com plex w ill anneal at the sam e te m p era tu re . The low te m p era tu re  annealing 
stag e  could be explained in te rm s  of a m ovem ent of the te llu riu m  atom s.
The behaviour of a ll the cen tre s  produced by im plantation (centres (0 .19), 
cen tre s  (0.61) and cen tre s  (0. 75)) is  the sam e. As the cen tre s  (0. 75) a re  thought 
to be 2 Te^, the o th e r c e n tre s  could a lso  be linked with the Te dopant. It has 
a lready  been suggested in the  la s t section  that the cen tre s  (0.61) a re  produced by 
Vd^TCp ; th e ir  annealing behaviour would confirm  th is . The cen tre s  (0.19) m ight 
a lso  be connected with Te, possib ly  (Te -  2 Vp). A Te~2Vp com plex is  a sso c ia ted  
with an -  0 .15 level in  GaAs. Yet ano ther explanation is  that the energy  levels
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a re  connected with oxygen com plexes and that the encapsulation p ro cess  re s u lts  in
an inc reasing  quantity of oxygen in the specim ens. If, however, oxygen com plexes
a re  annealing out in  the reg ion  50-200°C, th e re  is  no reaso n  why they should be 
os tab le  at 300 -  400 C, p a rtic u la rly  as the concentrations of cen tre s  a re  v e ry  s im ila r
a fte r  annealing at 300°C to the concen trations a f te r  im p lan ta tio n ^ F u rth e rm o re ,
leve ls  assoc ia ted  with oxygen w ere  net detected  a f te r  encapsulation. T h ere  is
li ttle  evidence therefo re ,  to support th is  explanation. R egarding the o th e r explanations
th e re  is  no experim ental indications of which, if any, is  c o rre c t.
6. 3, 3 .3 . 2. Energy levels  in troduced by the encapsulation p rocess
The encapsulation p ro cess  involves n itrogen, oxygen and silane  (SiH^).
N itrogen produces an isoe lec tro n ic  cen tre  with level (E^ -  0. 008) eV w hilst oxygen fo rm s
a  level at (E -  0. 9)eV. The oxygen m ay also com bine with a  n e a re s t neighbour V0  Ga
43to  form  O^) which binds an exciton at (E^ -  0.16) eV . Silicon is  am photeric
w ith levels (E^ -  0. 08) eV and (E^ + 0. 2) eV. In addition a silicon  com plex (Si, O)
152has been rep o rte d  by R. Z. B achrach  et al . They a re  not su re  of the s tru c tu re  of
the defect but suggest that it  could be Si^ -  O , form ed v ia  the (V.^ -O  ) com plex.Ga p ’ ' Ga p'
T h is defect binds an e lec tro n  with energy  0. 5 eV. Using the TSC technique the
(Ey + 0. 2) eV s ilicon  level, the  0. 5 eV (Si^^ -  O^) level and possib ly  the oxygen
(E^ -  0. 9) eV level should be detectab le. C om parison with the experim ental re su lts
shows tha t the (E^ + 6. 24 ) eV level is  not due to silicon , as  the  ce n tre s  p ro d u c ii^
it a re  introduced by the im plantation, and that oxygen is  not detected. The
(E + 0.48) eV level, how ever, m ay be caused  by the Si -  O com plex. The V Ga p
specim ens, which w ere  encapsulated  in o rd e r  t o  be annealed, did show an in c re a se  
in  the num ber of cen tre s  (0 .48), the num bers rem ain ing  fa ir ly  constant up to 
T a  = 650°C. In the case  of im planted specim ens the num ber of cen tre s  (0.48) 
actually  d ecreased . T h is could be caused  by the silicon  a n d /o r  oxygen d iffusing
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into the su rface  reg ion  of specim en at a slow er ra te  a f te r  it has been dam aged,
6. 8. 3 .4 . C-V m easu rem en ts
C-V m easu rem en ts  m ade on annealed m a te ria l, figu re  (5. 26), showed that 
th e re  w as a la rg e  in c re ase  in the m ajo rity  c a r r ie r  concentration  a fte r  an anneal 
at 3C0°C fo r both unim planted and im planted m a te ria l, indicating the in troduction 
of deep donors. As the te m p era tu re  in c re a se s  both types of m a te r ia l becom e 
sem i-in su la ting . The unim planted m a te ria l has changed type a fte r  an anneal at 
650°C, probably caused  by the rap id  in c re a se , at th is te m p era tu re , of the cen tre s  
(0 .4). The im planted m a te ria l, how ever, rem ain s  n-type because of the la rg e r  
num ber of deep donors.
6. 3 .3 . 5. Sum m ary of annealing behaviour and com parison  w ith o ther w ork from  
the li te ra tu re
The annealing s tages found in th is  work can be sum m arised  as
1. a low te m p era tu re  stage  cen tred  at about 323°K
2. a  high te m p era tu re  stage cen tred  around 723-773°K
3. re v e rs e  annealing from  473 -  573°K.
153B railow skii et al have m ade conductivity m easu rem en ts on e lec tro n
ir ra d ia te d  (1 MeV) n- and p -type G aP. A fter a room  te m p era tu re  im plantation
they found annealing s tag es , in  the n-type m a te ria l, at 433, 523-573 and 773°K.
E ighty-eight p e r  cent of the dam age annealed out in  the f ir s t  stage, p -type G aP
also  had an annealing stage  a t 523 -  573 °K.
151S. T . P icraux  has im planted G aP, GaAs, GaAs P  , and GaSb with
V #  ^ 0  0 0
vario u s  ions at energ ies  betw een 11 and 150 keV. The im plantations and
om easu rem en ts  w ere  m ade a t 90 K, the analysis being by BBS techniques using
1. 5 MeV He and 450 keV H beam s. F o r low fluence im plants w here the
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in itia l d iso rd e r peak w as < 30% of the random , the annealing w as independent 
of the ion type (Zn, 0, Xe in GaAs, and Zn, Sb in G aP and GaSb) but was 
dependent on the ta rg e t m a te ria l. Changes in the dose provided the d iso rd e r  was 
< 30% of the random  did not affect the annealing behaviour. B road annealing 
s tag es  cen tred  on 320, 250 and 290°K w ere  observed fo r G aP, GaAs and GaSb 
respec tive ly . P icraux  suggested  that these  annealing te m p era tu re s  m ay be 
re la ted  to the bond energ ies  of the m a te r ia ls , annealing o ccu rrin g  as a re s u lt  of 
refo rm ing  bonds. He calcu la ted  the ra tio  k T ^ /E ^ ,  that is  the annealing
te m p era tu re  to band energy, and showed tha t th is  was s im ila r  fo r a ll th re e  m a te r ia ls ;
"3the values being 3, 9, 3 .4  and 4 .2  x 10 fo r GaP, GaAs and GaSb. In case s  w here 
a high dose was im planted the annealing behaviour was independent of the ion, and 
of the ta rg e t m a te ria l, th e re  being a b road  annealing stage cen tre  at 530°K fo r a ll 
the compounds.
119Thom m en has investigated  the annealing behaviour, using  re s is tiv ity  and 
H all m easu rem en ts, of n -  GaAs bom barded with 0. 5 MeV e lec trons at_2^ 80°K. 
D istinct annealing s tages w ere  found at 235, 280 and 520°K. All changes below 
200°K w ere  a ttribu ted  to re v e rs ib le  e lec tron ic  p ro cesse s . Thomm.en’s re su lts  
th e re fo re  a re  s im ila r  to those of P icraux . In the la t te r  case , how ever, the 
annealing s tages a re  m uch b ro ad er. F o r  exam ple the b road  stage cen tred  a t 250°K 
m ay w ell be Thom m en’s two s tages a t 235 and 280°K which a re  not reso lved . This 
m ay be because the BBS technique is  not very  sensitive  to sm all d isp lacem ents c lose  
to the atom ic row s o r  because the im plantation of heavy ions c re a te  a la rg e  num ber 
of different types of dam age each having a d is tinct annealing stage. If these  
annealing s tages a re  c lo se  to one another then overlapping w ill produce a single 
b road  annealing stage.
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155H. J. Stein has m easu red  the optical absorption of proton bom barded
GaAs and found tha t th e re  is  a b road  annealing stage at 473°K.
B railovsk ii^  observed  re v e rs e  annealing in n -type G aP  a f te r  e lec tro n
irrad ia tio n  at liquid n itrogen  te m p e ra tu re s . The re v e rs e  annealing o ccu rred  at
200°K and was a ttribu ted  to trapp ing  effects, H askell et al^^^ have a lso  found a
sm all amount of re v e rs e  annealing in  the  range  47 3 -  523°K in Te im planted
p-type G ap. The reco v e ry  w as approxim ately  a  30% in c re a se  upon the dam age 
olevel a t 473 K. As in  section  (6 .3 .3 .3 .1 ) ,  an in c re a se  in substitu tional Te would 
a lso  explain th is re su lt.
The annealing s tag es  found in  th is w ork with proton bom barded G aP a re  
very  s im ila r  to those found in e lec tro n  and heavy ion ir ra d ia te d  GaAs. S im ila r types 
of dam age m ay be annealing out, th e re fo re  a t each stage.
6 .3 .4 .  C om parison of the trapp ing  cen tre  introduction ra te s  in sem i-in su la tin g , 
m edium  and low re s is tiv ity  GaP
Table (6. 9) shows the in troduction  ra te s  fo r each type of cen tre  in the 
d ifferent m a te r ia ls . The values w ere  obtained from  therm ally  s tim ula ted  c u rre n t 
m easu rem en ts  in the case  of the sem i-in su la tin g  and m edium  re s is tiv ity  m a te ria l, 
and from  capacitan ce-tim e  m easu rem en ts  (see section  (4 .4 . 2. )) in  the ca se  of the 
low re s is tiv ity  m a te ria l.
195
C om parison of the trapping  cen tre  in troduction ra te  in sem i-in su la tin g , 
m edium  and low resis tiv ity . G aP
M ateria l Sem i-insu lating Medium R esistiv ity Low R esis tiv ity
P ro ton  Energy 300 keV 400 keV 15 keV
Level In tro - ra te Level In tro -ra te level In tro - ra te
0 .19 0.02
0. 24 0.01 0 .24  127 
0 .32 70
0.61 0.11 0. 59 1, 85
0. 75 0 .48 0. 71
0. 84
0.53
1 .24
T otal . 0 .62 3 .62 197
Equivalent sem i- 0 .5 30
insulating
introduction ra te
Table(6. 9)
The "to ta l"  i s  the in troduction  ra te  for a ll the m easu red  c en tre s . The 
"equivalent sem i-in su la ting  in troduction ra te "  is  the sem i-in su la ting  in troduction 
ra te  a t the sam e proton energ ies  as w ere  used  fo r the o the r m a te r ia ls ,i ,  e. (400 and 15 keVj 
T hese  values w ere  estim ated  from  the energy dependence cu rves (figure(5. 20)). In the 
case  of the m edium  re s is tiv ity  m a te r ia l th e re  is  a fac to r of between 7 and 8 in the 
" to ta l"  and "equ ivalen t"  values, w hilst fo r  the low res is tiv ity .sp ec im en s  th e re  is  a 
fac to r of between 6 and 7. The " to ta l"  taking into account the energy  dependence, 
is  s im ila r , fo r these  two m a te r ia ls  and so is  not strongly  doping concen tration  
dependent. The tab le  shows that th e re  a re  d ifferences in the in troduction ra te s  of the
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various cen tre s . The cen tre  producing the 0. 61 eV level is  dom inant in the 
m edium  re s is tiv ity  m a te r ia l w hilst th e re  is  little  change in  the in troduction  ra te s  
of the cen tre  producing the 0. 75 eV level in the sem i-in su la tin g  and m edium 
re s is tiv ity  m a te ria l, the ra te s  being 0 .48  c e n tre s /p ro to n  and 0.53 c e n tre s /p ro to n  
resp ec tiv e ly .
6 .4  R em arks on sulphur im planted specim ens
The 0. 09 eV level p re sen t in both su lphur and proton im planted m a te r ia l is  
a s  a re su lt  of the te llu riu m  dopant. The 0 4 9  eV level, again produced a fte r  both 
types of irrad ia tio n , w as a lso  found in the sem i-in su la ting  m a te r ia l w here the 
re s u lts  indicated that it m ay be asso c ia ted  with the dopant (Te) and phosphorus 
vacancies. Two lev e ls , 0 .44  eV and 1 .2  eY, a re  unique to the  su lphur ion dam age. 
T hecap tu re  c ro s s -se c tio n  (c^ ) of the  cen tre s  producing the 0 .44  eV level is  s im ila r
to that of the 0 .4  eV level form ed a fte r the sem i-in su la ting  m a te r ia l w as bom barded
13 2 -12 2w ith a pro ton  dose of g re a te r  than 5 x 1 0  /c m  i . e .  a  = ( 1 . 0 x 1 0  cm  ).  InP
the la tte r  case , the level w as a ttribu ted  to a  V ^ 3 T e ^  com plex. This suggests tha t
fo r heavy ion bom bardm ent such a grouping of atom s can fo rm  d irec tly . The
in te rm ed ia te  s tages of V ~ 3  T e (associa ted  level of 0. 75 eV) and TeGa p ' '  Ga p
(attribu ted  to a level 0.61 eV section  (6 .3 . 3. 2. ))w ere not c re a te d  in sufficient 
num bers to be detected . The fo rm ation  of the 3 T e^  com plex im plies  tha t a 
la rg e  num ber of te llu riu m  atom s m ust be availab le, and that they a re  m obile.
T h ere  w as no indication of the type of cen tre  which was re sp o n sib le  fo r the 1. 2 eV level.
32 +The 0, 26 eV level (afte r S irrad ia tio n ) and the 0 .22  eV level (afte r H
irrad ia tio n ) m ay be caused  by the  sam e c e n tre s  as produce the 0. 24 eV level in
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proton  bom barded sem i-in su la tin g  m a te ria l,
32The band gap s tru c tu re  of the G aP a fte r  S bom bardm ent is  som ew hat 
d ifferen t from  that obtained a f te r  proton bom bardm ent. Although som e of the 
sam e energy leve ls  a re  produced, the deep level at 1 .2  eV, approxim ately  in 
the cen tre  of the band gap, is  dom inant. The s tru c tu re  is  s im ila r , th e re fo re , 
to  the M ott-D avies m odel of the bandgap s tru c tu re  of am orphous sem iconductors 
(figure (6 . 1 (b)).
The annealing behaviour of the  su lphur im planted m a te r ia l is  s im ila r  
to tha t of the proton im planted sem i-in su la tin g  m a te ria l, th e re  being a b road  
annealing stage over the range  293 -  473°K.
6 . 5. Sum m ary and conclusions
6 . 5 .1 . S em i-insulating  m a te ria l
1. Trapping c e n tre s  producing d isc re te  levels  at (E^ -  0 .19)eV, (E^ -  0. 24) eV, 
(5^ + 0 ,4) eV, (E^ -  0 .61)eV and (E^ + 0. 75) eV a re  in troduced by proton 
bom bardm ent of LEG grown T e-doped G ap. Some of the p ro p e rtie s  of th e se  c en tre s  
a re  p resen ted  in tab le  (6.10) F igu re  (6.4) shows th e ir  energy level position
in  the band gap.
2. With inc reasin g  proton dose the dam age cen tre s  c lu s te r  causing the a sso c ia ted  
d isc re te  energy leve ls  to broaden, and in  som e c a se s  e. g'. shallow lev e ls , to 
overlap .
3. The types of trapping  cen tre  produced a re  dose dependent. With in c reasin g
13 2dose m o re  com plex c en tre s  a re  form ed. F o r exam ple fo r doses > 5 x 1 0  /c m  
the  0 .4  eV level possibly  a ( V ^  3 T e^  cen tre) is  c rea ted  in sufficient num bers to 
be detectab le.
4. The bandgap s tru c tu re  of G aP (after proton bom bardm ent w ith proton
12 15 - 2doses in the range 10 -  10 cm  ) i s  a com bination of the M ott-D avis and
C o h e n - Fitzsche-O vsh insky  m odels of am orphous sem iconducto rs .
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12 25. F o r  low proton doses £  10 /c m  th e re  Is an in itia l in c re a se  in the
7 8re s is tiv ity  of the im planted la y e r  by a fac to r of 10 -  1 0  Q cm .
T his m ay be connected with the introduction into the band gap of a deep
energy  level at (E^ -  0. 61) eV. T h ere  is  evidence to suggest tha t the
cen tre  resp o n sib le  is  connected both with the gallium  vacancy and with the
te llu riu m  dopant, possib ly  V — Te . The re s is tiv ity  is  in c re ased  fu r th e rGa p
13 2as m o re  com plex c e n tre s  a re  fo rm ed  at doses of g re a te r  than 5 x 1 0  /c m  .
6 . M ore dam age is  c rea ted  at low energ ies  than the Kinchin and P ea se  m odel 
p red ic ts . Ionization effects operating  via a charge exchange m echanism  
re s u lts  in  a d ec re a se  in the num ber of cen tre s  with inc reasing  proton energy  .
7. At low anneal te m p e ra tu re s , T ^  = 100°C, atom re -a rra n g e m e n t and 
trapping  cen tre  form ation  takes place in the su rface  reg ion  fo r both im planted 
and unim planted m a te ria l,
8 . The annealing behaviour of the trapp ing  cen tre s  was found to be com plex.
M ost of the c e n tre s  have annealed out by T ^  = 650°C. However, over the 
range  T ^  = 100 -  350°C the c e n tre s  f i r s t  d ec re ase  in  num bers, up to T ^
= 200°C, and then in c re a se  again.
6 . 5. 2. Medium and Low re s is tiv ity  m a te ria l
1. T rapping cen tre s  of la rg e  cap tu re  c ro s s -se c tio n  and with s im ila r  energy 
values to those found in  proton bom barded sem i-in su la tin g  m a te ria l w ere  
found in Te-doped m edium  re s is tiv ity  (50. 0 c m , ) gallium  phosphide,
2. The proton im plantation  of low re s is tiv ity  m a te r ia l (0,1 o c m .)  again re s u lts  
in the production of trapp ing  c e n tre s  with la rg e  cap tu re  c ro s s -se c tio n s ,
3. The to ta l in troduction ra te  fo r a ll the m easu red  cen tre s  w as approxim ately  
the sam e fo r  both m edium  and low re s is tiv ity  m a te r ia ls .
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4. The type of cen tre(s) produced is  dependent upon the doping concentration .
5. The c a r r ie r  rem oval ra te  fo r proton bom barded G aP is  s im ila r  to proton 
bom barded GaAs.
6 . 5 .3 . Sulphur im planted m a te ria l
1. Several trapping c e n tre s  w ith la rg e  cap tu re  c ro s s -se c tio n s  a re  produced 
by sulphur bom bardm ent. A ssociated  energy levels  of 0 .19 eV, 0 .44 eV 
and 1 .2  eV a re  in troduced into the band gap.
2. L arge num bers of com plex c e n tre s  (such as  -  3 Te ) a re  c re a te d  evenGa p'
12 2by sm all doses of sulphur ions i. e. 3 x 1 0  /c m  . In com parison  th is
13 2type of tra p  re su lte d  a fte r  proton doses of 5 x 10 /c m  " o r  m ore , and then 
only in  sm a ll concen tra tions.
3. T h ere  is  an annealing stag e  in  the range 293 -  473°k as fo r proton 
bom barded m a te r ia l. , '
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The bandgap energy levels found to be present [using TSC meimds) in proion bombarded semi insuialina Gap
---- jp:------- jp--- X:—:--- -------
0;09 1 : ;
0-19 ' 0'22«îr I • .
I
I
O f l
I
midband
■I
Ibandgap 
2.38
i
I
I
0-75I I
I I 
I
A  I
---?T—0-24I
J . J.. !
I005' 0-4 048 I I
II ' I I I 
I i l l  I I
k____________ 4 4^ u.
(all values in eV) 
Fig (6.4)
gI01i3
ê*o
SI
Ic3O d rd
i
CDp4
1.2  
i l l  
l l î
? . â î
ü  CQ
<N
i
.1
ëCQIm03
iIü
IüI8 8 CQ ICD CQ U CQ
2 oCD CD
^  ta ^
1  -g
qI
8 ë  g(D d CDW H
■rs
ACD >H CNJ'•C3 1d CD(d E“fA '—'
>O a034-) 03
dO &
III
CDH00
I
A 201
>
a
CQI
2I
> ^.1-1 Oî t t i
(d
5  £?1% • I ICD
I I /
<M lO CNI lOCO
1 nH co 1
■sH " tH 1
CDtH CD T-f 1—1 1—1
1
<M1—1 001-t <M1—1O O 'o  *o 1O 1O 1Or-< r-l tH 1-1 1—1 1—1 1—1X X X X X X Xo O o  o o o oT~( LO lO r-î r-î LO lO
CDH(NI
I
O,
A >
a
CQ
CQA
g  oild s II
o
CDCD
H
C3>(N
I
tO
T— iI
<yiT_,
o
I
cH
CM lO 00 1-1(M (M 00 CDO O o o o O
1 + + + + 1
ü > ■ i> > OH H H H M H
X
o
LOt-
o+tW
202
C hapter 7 
CONCLUSIONS
7.1 G eneral sum m ary  of conclusions
The g en era l a im s of the w ork, a s  se t out in chap ter 1, section  (1.3), have 
m ostly  been ach ieved . C erta in  a re a s ,  how ever, would have been exam ined In 
g re a te r  de ta il If tim e had been ava ilab le . Sections (6 .5 .1 .) ,  (6 .5 .2 ) and (6 .5 .3 ) 
have a lready  lis ted  the detailed  re s u lts  and conclusions. In th is  section , therefo re , 
the m ore  g en era l conclusions of the w ork a re  su m m arised . T hese a r e : -
1 , The jjroton bom bardm ent of gallium  phosphide p roduces d efec ts which
re s u lt  in  the in troduction of deep energy  lev e ls  into the bandgap. Some of the p rop ­
e r t ie s  of these defec ts  a re  su m m arised  a t the end of ch ap ter 6 . C e rta in  of the 
dam age c e n tre s  in troduced , w ere a lread y  p resen t in the unim planted m a te r ia l, w hilst 
the rem ain ing  c e n tre s  could a lso  be c rea ted  by annealing at fa irly  low te m p e ra tu re s  
(293 -  923®K). P ro ton  ir ra d ia tio n  does not produce, th e re fo re , any d efec ts  which 
a re  unique ( i .e .  cannot be produced in any o ther way) but it  does produce defec ts 
w hich would not n o rm ally  be p re sen t in m easu rab le  concen tra tions a t room  te m p e r­
a tu re .
2 , The energy  level bandgap s tru c tu re  of GaP a fte r  proton bom bardm ent, fo r
d oses betw een 10^^ -  10^^/cm ^, Is  a com bination of the M ott-D avis and Cohen- 
F r itz sc h e  -  Ovshinsky m odels for am orphous sem ico n d u c to rs . With in c reasin g
dose shallow  d isc re te  lev e ls  b roaden,eventually  overlapping and producing ’’band t a i l s ” ,
3, The type of defect(s) produced is  dependent upon:-
i ,  the im planted ion.
Irrad ia tio n  with sulphur c rea ted  defec ts  which w ere m ore  
com plex than those re su ltin g  from  a s im ila r  dose of p ro tons.
2o:
i i . the ion d o s e ,
The m ore  com plex c e n tre s  e .g .  those thought to be asso c ia ted  with
V -  2Te and V -  3Te w ere introduced in  in c re as in g  num bers Ga p Ga p
14 2with in c reasin g  dose up to 1 0  /c m  .
i i i ,  the doping concentration  of the s ta rtin g  m a te r ia l,
4 . The to tal m easu red  cen tre  in troduction  ra te  w as not significantly  d ifferen t 
fo r  m edium  and highly doped Te G aP. The in troduction  ra te  fo r  the d ifferen t kinds 
of dam age cen tre  w as found, how ever, to be both dose and energy  dependent,
i ,  the dose dependence was com plex. With in c reas in g  dose the in troduction  
ra te  in c reased  to a m axim um  at about 1 0 ^ ^ /c m ^ .
ii .  the num ber of dam age cen tre s  produced a t low proton en e rg ies  w as 
g re a te r  than that p red ic ted  by the Kinchin and P ease  m odel. T h ere  a re  
indications tha t ionization p ro c e sse s  operating  via a charge exchange 
m echanism  a re  responsib le  fo r a d e c re a se  in the amomit of dam age with 
in c reasin g  ion energy .
5. M ost of the dam age c e n tre s  a re  no longer p resen t in m easu rab le  con­
cen tra tio n s  a f te r  an anneal a t 923°K,
6 . C onsidering the e le c tr ic a l behaviour of the m a te r ia l a f te r  proton im plan­
ta tion .
12 2i .  only a low dose (< 1 0  /c m  ) is  n ece ssa ry  to in c re ase  the re s is tiv ity  of
7 8the s ta rtin g  m a te ria l by a fac to r of 1 0  -  1 0  O .cm . T his is  independent 
of the dopant and doping concen tration  of the s ta rtin g  m a te r ia l.
i i .  The c a r r i e r  rem oval ra te  fo r proton im planted GaP is  very  s im ila r  to tha t of 
proton im planted GaAs, indicating tha t s im ila r  dam age p ro c e sse s  occur in
, both m a te r ia ls ,
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7 .2  Suggestions fo r fu rth e r  w ork
A few suggestions fo r fu rth e r  w ork m ay include,investigations o f;-
1 . The dose ra te  dependence of the trapping cen tre  in troduction  r a te s .
2. The sp a tia l d is tribu tion  of the dam age. F o r  th is  the C -  t m ethod would
- be the m ost su itab le . By vary ing  the b ias a c ro s s  the Schottky b a r r ie r
junction the type of cen tre  and num ber of dam age c e n tre s  could be d e te r ­
m ined a t d ifferen t d is tan ces  into the specim en,
3. The annealing behaviour of the cen tre s  using encapsu lan ts such a s  Si^N^.
The sam e m ethods could be used on m a te r ia l with d ifferen t dopants and m a te r ia l
grown by d ifferen t m ethods.
7 .3  A pplications
Two of the conclusions a re  im portan t in th is re s p e c t . F ir s tly ,  it has been
confirm ed th a t sem i-in su la tin g  reg io n s  can be produced in GaP with only sm all
12 2 12 ? proton d oses (< 1 0  /c m  ); a  dose of 1 0  /c m '' giving an In c rease  in  the bulk m a t-
7 13 14 2e r ia l 's  re s is tiv ity  of a fac to r of ^ 1 0  Q .c m . F o r h igher d o ses  (10 -10 /c m  )
the re s is tiv ity  approaches that of in trin s ic  G aP , C om parison of the re s u lts  obtained
in  th is  w ork v/ith those of S p itzer and N orth suggests that the low dose re s is tiv ity
7in c re a se  (by a fac to r of ^ 1 0  Q .cm ), i s  independent of the dopant and doping level 
of the s ta r tin g  m a te r ia l.
Secondly, i t  has been shown tha t the m a jo rity  of the dam age c e n tre s  a re  no 
longer p re sen t in m easu rab le  concen tra tions a fte r  an anneal a t 923TC (650°C).
The dam age produced by h eav ie r e le c tr ic a lly  active ions which is  m ore  com plex, 
would, tlie refo re  re q u ire  an annealing tem p era tu re  of at le as t 650°C. On the o the r 
hand proton iso la ted  reg ions w ill be quite stable under n o rm al operating  cond itions.
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APPENDIX
It is  in te res tin g  to calcu la te  the Coulomb potential energy  betw een unit 
ch arg es  at d is tan ces  which co rresp o n d  to the d ifferen t la ttice  spacings w ithin 
G aP . F ig , (A .l)  shows the atom ic spacing between atom s on the sam e and 
on the ad jacen t sub la ttice
The Coulomb potential betw een two ch arg es  (Q ., Q ) a d istance r  ap a rt is
given by
d r
Table (A .I .)  l is ts  the potential between unit charges  assum ing  these  ch arg es  
a re  d ifferen t la ttice  spacings a p a r t .
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The potential energy  betw een charges fo r d ifferen t la ttice  spacings
charges
r(A)
- 7 .7
9 .3
.5 .4 5
7.13
3.85
5 .25
P oten tial
(eV)
0.19
0 .15
0 .27
0.21
0.38
0 .26
Note
2 .36 0.61
Same su b -la ttic e , a tom s 
diagonally  a c ro ss  face 
F ro m  one su b -la ttice  to  the 
o ther diagonally a c ro s s  face 
L attice  spacing 
F ro m  one su b -la ttice  to  the 
o th e r-  one la ttice  spacing .
Same su b -la ttic e , -  half diagonal 
d istance a c ro s s  face .
F ro m  one sub la ttice  to the 
o ther -  half diagonal d istance 
a c ro s s  face .
n e a re s t neighbour d istance
Table ( A .l , )
The table shows that fo r the d is tan ces  experienced  within a unit ce ll po ten tials  in 
the range 0 .15  -> 0.61 eV can be produced. L a rg e r  po ten tials  i . e .  > 0 .6  eV 
would occur only if atom s w ere doubly charged , o r if the d istance betw een ch arg es  
w as le ss  than the n e a re s t neighbour d is tance  (2.36A) or if m ore  than two a to m s / 
sim ple defec ts  w ere involved.
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A 0.61 eV potential re su lts  from  two n e a re s t neighbours being charged
w hilst the potential between unit ch arg es  a c ro s s  the diagonal of the face is  0 .19  eV .
Two atom s at the half diagonal d is tance , o r one doubly charged atom  in such a
position, would produce a 0 .76 eV po ten tial.
The s im ila r ity  between the m easu red  energy levels  and the potential energy
between unit ch arg es  a t d ifferen t d istan ces  does suggest the type of configuration
w hich m ight produce the defec t. If, a s  has been suggested in section  (6 . 3 .3 .2 . ) ,
the 0,61 eV level is  caused  by a V Te com plex, then the and Te m ay be aGa p ^ » Ga P
n e a re s t neighbour d is tance a p a r t .  S im ilarly , if the 0,19 eV level is  a sso c ia ted  with 
the Te -  2V^ (section ( 6 ,3 .3 .3 .1» ,then to produce a potential energy  of 0 .19 eV > 
the two phosphorus atom s would each need to be tw ice the diagonal la ttic e  d is ­
tance away from  the te llu riu m  s i t e ,
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